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ABSTRACT
In this researchthe preparationof ceramICmembranesfor gas separation
applicationsby using sol-gel techniques were investigated.The effects of
water/alkoxideratio,H+/alkoxideratioon thecatalysisof thehydrolysis-condensation
reactionsand the peptizationprocesswere investigatedby using N2 adsorption-
desorptionisotherms,thermogravimetricanalysisand FfIR (FourierTransformInfra
Red).The performanceand the potentialuse of thesematerialsin gas separation
applicationsdependmainlyon theability in controlling-designingthemicrostructure-
porenetworkin thesematerials.
Thealuminaandsilicasolswerepreparedbyusingaluminiumisopropoxideand
tetraethylorthosilicate.SolswithdifferentH+/ AI+3andH20 / AI+3ratioswereprepared.
Thesepeptizedclearboehmitesolswereusedfor thepreparationof unsupportedAh03
membranesat 600°C. The similarratioswerevariedfor thepreparationof clearsilica
solsandthesesolswerefurtherdriedandheattreatedat400 °C.
The thermogravimetricanaljsishasshownthattheweightsof theunsupported
membraneswere stableat the abovetemperatures.The boehmitewas observedto
decomposeto they-Alz03 phaseat about425°C. The FfIR analysishaveprovedthe
formationof boehmitein thesols andall theorganicsolventpeaksdisappearedupon
heatreatment.
The y-Alz03membranesall displayedType IV isothemstypicalof mesoporous
materials.Hysteresisloopswerepresentin all theseisothermsandfastdesorptiontook
placein the0.4-0.6PlPo range.The BJH poresizedistributionsweresharpfor all the
samples.
The desorptionpore size distributionswere found to becomewider at an
intermediateacidcontentmembranewhichalsohad thelowestBET surfacearea.The
BET particlesizesof thesemembraneswereestimatedto be in the70-100A0 range.
Thethroatandporecavitysizesof monosizespherepackingsfor thisparticlesizerange
wereobservedtobein closeagreementwiththeexperimentalllydeterminedadsorption-
desorptionporesizes.
IV
The silicasamplesall displayedType I isothermswith no hysteresistypicalof
microporousmaterials.The HK (HorvoathKawazoe)poresizes were in the4-5 AO
range.An effectof thewatercontentof theseacid-catalyzedsolson theporesizewere
alsodetected.
IV
oz
Bu ~ah~madag zaymnauygulamalanndakullamlabilecekseramikmembranlannsol-gel
y6ntemleriylehazlrlanmaslincelenmi~tir.Sulalkoksitve H+/alkoksitoranlannmkatalizlenen
hidroliz- yogunla~mareaksiyonlanve peptizasyoni~lemlerineetkileri azot adsorpsiyon-
desorpsiyonizotermleri,termal analiz ve FTIR spektroskopisikulllamlarak incelendi. Bu
malzemeleringaz aYlrmaugulamalanndakiperformansve potensiyelkullammlan, g6zenek
aglanmn-microyaplsmmkontrolii-tasarmmabaghdlr.
Alumina ve silika sollan slraslylaAluminyum isopropoksitve Tetraethylortosilikat
~ullamlarakhazlrlanml~tlr.Bu sollar degi~ikSui Al+3ve Acid!AI+3oranlanndahazlrlanml~tlr.
HazlrlananberrakBoehmitesollan kullamlarak600°C dedesteksizmembranlarhazlrlanml~tlr.
Benzeroranlardegistirilerekberraksilicasollan eldeedilmi~ve bu sollarkurutulup400°C de
Is1li~lemdenge~irilerekdesteksizsilikamembranlaniiretilmi~dir.
Tennogravimetrikanaliz sonu~landesteksizmembranlardakiiitlekaybmmyukandaki
slcakhklardaduraganhale geldigini ve Boehmite'my-Ah03 Alumina [azma 425°C de
bozundugunug6stermi~tir.FTIR analiz sonu~lanbiitiin sollardaboehmiteolu~tugunuve
organiksolventpiklerininlsIl i~lemsomaSlkayboldugunug6stermi~tir.
y-Alz03membranlanndamezag6zeneklimalzemelerdeg6riilentipik Tip IV izotermleri
eldeedilmi~tir.Biitiin izotermlerdehysterisisloopg6stermi~tirve hlZhdesopsiyon0.4-0.6PIPo
arahgmdager~ekle~mi~tir.B itiin aluminamembranlannBJH bo~lukdaglhmgarafikleribelirgin
piklervenni~tir.Desorpsiyong6zenekdagIllml3 nolu asit i~erigiolan membranda,ki bu en
diisiikyiizey alamna sahiptir, daha geni~bulunmu~tur.Bu membranlannBET par~aclk
biiyiikliigu70-100 A° arahgmdadlf.Tek boyutlu bir kiireler paketindebogaz ve bo~luk
boyutlan;hesaplananpar<;abiiyiikliik arahgli<;in,adsopsiyon-desorpsiyong6zenekboyutlanile
uyumhalindedir.
Btittin silika 6mekleri i<;inmikro malzemelerdeg6riilen hysterisis loopu olmayan
sollardakiTip I izotermlerieldeedildi.Harvoth-Kawazoebo~lukdagIllmmm4-5 AOarahgmda
olduguvesollardakisui<;erigininbo~lukdagIllmmaetkilerioldugug6zlenmi~tir.
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CHAPTER 1
I TRODUCTIO
Hi. torieall,. theaim of mankind has been theseparationand recombinationof
marcrial' and matter.Along the BC period. during the cupper. bronzc. and iron age'
man tried to .'eparateand process metallic material'. uclc~u'research in atomic
scparation startedthe Atomic Age. Current work on separationof moleculesand atom'
in ~lI.·ioushigh technologyapplicationswill determincthe natureof ci.vilization and rh'
qualityof lifc in the _I st century.
Many manufacturingindustriesare ba'cd on separationprocesses.So far more
efficientmanufacturingbetterseparationtechniqueswill be neededin the future. ew
technologiestry to de clop ne\ no cl products.These :eparation technologies along
with theprimary factorsaffecting the separationare schematicallyshown in Figure 1.1
in relation\ ith thesizes of thespeciesto be eparated.
'le
·t
I
Ion exd'.ange
0!3t!:-ticnifrnf!lllr~lra'(]I'l~
C GTl!.¥f~;,ec~-nen'bOn~"'t::=L:Xj.LUll! [ j' j. - .•.....,..
Figure 1.1.Various sq arationtechnologiescritical to manyprocc,sing industries(3).
Many conventionaltechniquessuch as distillation,extraction,centrifugation,
filtrationhavebeen used for a long time. Numerousnew techniqueshave been
developedin the20 th century.One of theseseparationtechniquesusesmembranes.
InitiallymembraneswereusedduringWorld War IT in theManhattanprojectfor the
separationof U235 and U238 from naturalUF6. These membraneswere inorganic
membranes.After this critical and very importantstartingpoint membraneresearch
havebeenaccelerated.
Membraneis a barrierwhich is capableof redistributingcomponentsin a fluid
streamthroughadrivingforcesuchasdifferencein pressure,concentrationorelectrical
potential.A schematicdiagramof amembraneis giveninFigure1.2.
Membraneshavesomeadvantagesovertheconventionalseparationtechniques.
Membranesareveryfast,efficientandeconomicin manycases.Membraneseparation
takesplacewithoutphasechanges.Due to thesereasonsmembraneprocessingis very
popularnowadays.Many differenttypesof membranesare in use thesedayswith
differentsizes, structuresand shapesand many others are in the researchand
developmentstage.
Feed
Permeate
Retantate
Membrane
Figure1.2. Schematicdiagramfor themembraneseparationof gases.
Theclassificationof membranescanbemadein two maingroupsand many
subgroups.Main groups are inorganic and polymeric (organic). And such a
classificationof membranesaccordingtomaterialsis givenin Figure1.3.
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ClassificationofMembranes
INORGANIC
/1~
POLYMERIC/~
//~
Metallic Ceramic· Molecular
/ ~. Sieve
Dynamic Dense
Rubbery
Symmetric
Porous
Asymmetric
Composite
Glass
Glassy
w
Figure 1.3.Classificationof membranesbasedon theirmaterialsandstructure.
Many differenttechniquessuchassol-gel techniques,chemical vapor deposition,
pyrolysiscan be used for the production of porous ceramic asymmetric composite
membranes.Sol-gel processingis a very new techniquefor membranesbut this process
havebeen widely used for the preparationof ceramic powders, fibers, coatings and
monoliths.
The potential of membranes made of inorganic materials such as metals,
ceramics,chemicals, and inorganic polymers were not widely recognized until high
qualityporous ceramic membraneswere producedfor industrial use on a large scale.
Ceramicmembranesare rapidly making inroads in wastewaterand oil treatments,food
andbevarageprocessingandbiotechnologyseparations.
Dense (nonporous) membranesmadeof palladium and its alloys silver, nickel,
andstabilized zirconia have been used or evaluatedmostly for separating gaseous
components.These membranes are limited in industrial practice and are permeableto
ionicformsof hydrogenor oxygen.
Porous metallic membraneshave beenavailable for some time but due to their
costare not widely used. Porous ceramic membranes,such as alumina, glass and
zirconiamembraneswith a pore diameterranging from approximately 30 0A to 5 11m
arecommerciallyavailable. Methods of membranepreparationmicrostructure,module
configurationsand applicationsaredescribedin detail in the literature.
Porous inorganic membranesare generally superior to organic membranesin
thermal,mechanical, and, structural stability without the problems of compaction or
swelling,resistance to chemicals and microbiological attack, ease of cleaning and
regenerating,and the ability to be backflushed,steamstrerilized or autoclaved.These
membraneshave been used in liquid phaseseparationsand in gaseousdiffusuion for
uraniumrecovery. Their potential application in areas sUc:;has gas separationsand
membranereactorsare in theresearchanddevelopmentstage.
In the last decade,the so called "sol-gel" methodshave been receiving a great
dealof scientific attentionamong ceramic and glass scientists.These sol-gel methods
offernew approachesto the preparationof glassesand ceramics. Despite the recent
surgeof scientific interest,the useof sol-gel methodsin preparingglassesandceramics
arenotnew.The word "sol" describesthedispersionof colloids in liquids. Colloids are
4
in turndescribedas solid particles with diametersin the range of 10 - 10000A 0 each
containing103 - 109 atoms. When the viscosity of a sol increasessufficiently, usually
throughthepartial loss of its liquid phase,it becomesa rigid materialwhich is termedas
a"gel".
Sol-gel processes have been, however, more frequently utilized to prepare
inorganicmicroporousmembranesbasedon alumina,silica, titania and zirconia. Sol-gel
chemistryappearsto be well adaptedfor the synthesisof inorganic materialswith pore
diametersin thenanometersizes.
In this research the preparation of ceramIC membranes for gas separation
applicationsby using sol-gel techniqueswereinvestigated.The effectsof water/alkoxide
ratio,H+/alkoxideratio on the catalysisof thehydrolysis-condensationreactionsand the
peptizationprocess were investigated by using N2 adsorption-desorption isotherms,
thermogravimetricanalysis and FTIR (Fourier Transform Infra Red). The performance
andthepotentialuse of thesematerialsin gasseparationapplicationsdependmainly on
the ability in controlling-designing the microstructure-pore network in these
materials.Polymericsilica particles were deposited on top of a support system
consistingof a porous thick mesoporous)'-AI203 over a macroporous a-AI}03 of
desiredthickness. These asymmetricmembranesmay be useful for the separationof
gasses.
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CHAPTER 2
MEMBRANE TYPES AND STRUCTURES
2.1 PolymericMembranes
Polymers are defined as large molecules built up by the repetition of small,
simple chemical units. The repetition may be linear or branched to form three-
dimensionalnetworks. Polymers can exhibit two different states;rubbery and glassy
states,dependingon thetemperature.
Polymers such asnaturalrubber,silicon rubberandsiloxanesare in rubberystate
at roomtemperature,i.e., their glass transition temperatureTg is too low. They show
rubberlike properties and membranes made up of rubbery polymers show high
selectivitiesand low permeabilities.At sufficiently low temperatures,all amorphous
polymers show the characteristics of glasses including hardness, stiffness and
brittleness.Glassy polymers have low volume coefficient of expansion, a property
whichis associatedwith theglassystate.This low volume coefficient occurs as a result
of a changein the slope of the curve of volume versustemperatureat the point called
glass-transition temperature (Tg). Polymers such as polysulfones, polyamides,
polyacetatesare in glassy stateat room temperatureso the membranesmadeup of these
materialshave glass like propertiesand have high permeabilitiesbut low selectivities
(1,13,14,51,72,73).
2.2 InorganicMembranes
2.2.1Typesof Inorganic Membranes
2.2.1.1DynamicMembranes
Formation of the dynamic membranes are accomplished through film
depositionon microporous supports or carriers from a feed solution of colloidal
particlesor solutecomponent.Initiative researchon dynamic membranesat Oak Ridge
6
National Laboratory have been focussed on the retention of electrolytes. These
membranesareknown to deal with unchargedmolecules.Their initial membraneswere
tailormadematerial and are available for specific applications in hyperfiltration and
ultrafiltration.
A largevariety of inorganicmaterialshavebeenused like oxides of aluminum,
iron, silicon, zirconium, rhodium, uranium and bentoniteclay minerals for dynamic
membranepreparation.Zirconia is a well known material used in dynamic membranes
(1,4).
2.2.1.2DenseInorganic Membranes
The secondtype of inorganicmembranesarecalled as densemembranes.They
are thin sheetsof metalsor oxides. A good example is densepalladium and its alloys
withRuthenium, Nickel or other metalsfrom group VI and VID in the periodic table.
Thesemembranesareknown as permeableto certaingases.These gasesarehydrogenor
oxygenandthegastransportmechanismis solution diffusion.
Catalytic reactionsof hydrogenationor dehydrogenationarebeing carried out by
uSingPd-basedmembranes.These membranescauseincreasein theselectivity and the
yield.By using thesemembranesthe yield increasesfrom 14 % to 21 % in removing
hydrogenfrom thedehydrogenationproductof isopentene.
For oxidation of ethylene,amoniaethanolandethylenenonporoussilver hasbeen
usedwhich is permeableselectively to oxygen. CaO stabilized zirconia membranes
havebeen used for the thermal decomposition of CO2 and water because of the
permeationbehaviourof oxygen.
A second form of densemembranesare called liquid immobilised membranes
(L1M). Pores of these membranesare filled with a liquid and they are selective for
certaincompounds(1,4).
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2.2.1.3 PorousMembranes
2.2.1.3.1Metallic Membranes
Microporous metalicmembranescan be preparedfrom metalalloys such as Ni,
AI, Au, Cr, Pt, Pd by subsequentleachingof one component.These membraneshave
found their main application in gas separation processes. Porous metals are
commerciallyavailable for particulate filtration. They are used in some cases as
microfiltrationmembranesthat can withstandharsh environmentsor may be supports
fordynamicmembranes.
Another important applicationof metallic membranesis in supplying highly
purehydrogenfor semiconductorproduction.Nonporous metallic membranesare used
forthispurpose,operatingatelevatedtemperatures.Pd andespeciallyPd- Ag alloys are
particularlysuitable membranematerials.These days Pd- Ag membranesdominate the
marketfor two reasons; pure palladium is much more sensitive to fluctuations in
thermal
stressbecauseof chargesin themicrostructureafterabout 150cycles from 25 to 700 DC
andthepermeabilityof purepalladiumis low comparedwith thatof an alloy containing
about23% of Ag.
Pd- Ag alloys are highly sensitive to traces of chlorine, arsenic, mercury and
sulphurcompounds, which react immediately with the membrane surface, causing
permanentdamage.Poisoning of the membranecausedby unsaturatedhydrocarbonsor
theoxygen in inorganic compounds can be removed by flushing with nitrogen and
filteredair at400 DC (l,4).
2.1.3.2AluminaMembranes
The marketactivities of alumina membranesthus far have provided the bulk of
themomentumfor making inorganic membranesan acceptableand viable separations
toolin manyapplications.
8
Currently,those alumina membraneshaving a pore diametergreaterthan
approximatelyO.I 11maremadeof a-aluminawhichis knownto exhibitgoodstability
thermallychemicallyandmechanically.Althoughit is stableupto about1000 ° C, the
(X-aluminamembranemodulesaregenerallyrecommendedbelow140-150°C for those
applicationswheresteamsterilisationis required(1,4,6,7,9,10).
This temperaturelimitationis a resultof the commonsealingand packing
materialsusedpresently.The a-aluminacan be backflushedto provide periodic
regenerationf themembranes,canalsobesteamsterilisedandalsochemicallycleaned
withcausticsodafollowedbynitricacidin thetemperaturerangeof 50-80°C. Theyare
generallynotsubjectoanyappreciablechemicalattackparticularlywhenexposedonly
periodicallytostrongacidsandbases(1).
In contrast,transition-aluminamemhraneswhicharecharacteristicallysmallin
poresizearemuchlessresistanto, for example,strongacidsandbases,andcan be
dissolvedin thosechemicalswith time.Therefore,theyare not recommendedfor
applicationswherestrongacids or basesare eitherpresentin the feed streamsor
requiredaspartof thecleaningprocedure(1,4).
Alumina membraneshave been used In a variety of applicationslike
concentrationof wholeskimmedmilk, clarification andsterilisationof fruit juices,
wine,beerandmalt,microfiltrationof water,sterilisation in biotechnologyand oil-
waterseparation.The generallyrecommendedoperatingcross-flowvelocityis 1-7mls.
Waterpermeabilityfor 0.2 11mand 4 nm membraneshave been reported as
approximately3000and10Uhm2barrespectively(1).
The porousaluminamembraneshave been used for gas separationIn the
isotopicseparationand enrichmentof uranium.
PorousnickelmembraneswithaluminacoatingseparateH2 fromH2S. Alumina
membranescaneffectivelyseparatewatervapourfrom air or alcohols.Two typesof
aluminamembranescanbepreparedI) unsupported2) supportedones.Membranescan
besynthesisedbyusingslipcastingand sol-gelmethod(7,9,10).
Unsupportedand supporteda-aluminamembranescan be preparedfrom
boehmitecolloidalsuspensions.Boehmitesolswerepreparedbyaddingaluminum
trisecbutoxideto distilled water then diluted nitric acid was addedfor peptization.The
poresizeof thealuminamembranescan be tailor madeby varying acidlhydroxide ratio,
water/alkoxideratio, acid typeused in thepreparationof thesol. (30,32,42,43,76,77).
Dipping time, the viscosity of the sol and the sintering temperature were
effectivein the formation of the membranefrom the alumina sol. Many experimental
studiesshowed that dipping time, number of dipping, alumina sol concentration at
dippingcontrol the membranemorphology, membranethickness and permeability (8,
20,36,49,52,61).
Heat treatmentschedules also affect pore SIze distributions and the pore
structuresof aluminagels. Another factor is theuseof drying chemical control additives
suchasPV A, which can be addedto boehmitesols andmodify the drying and calcining
procedures(16,17,18,19,54,74,80,81).
2.2.1.3.3ZirconiaMembranes
Various zirconia membranesystemscome in the multiple tubular configuration,
whichmay contain more than thousandtubes in a housing and use different porous
supports.Like (X-aluminamembranes,zirconia membranesare stable over rather wide
pH and relatively high temperaturerange, but their common uses are also limited to
approximately150DC due to the potting compounds used for the construction of the
modules.
Zirconia membraneshave been applied in a number of industrial applications
suchas recoveryof polyvinyl alcohol as the sizing chemical for the textile industry,
separationof fresh cream cheese and extraction of serum proteins from whey,
concentrationof dilute latex wastewater,concentrationof causticextraction from Kraft
bleachplanteffluentandprocessingof soy andproteinextracts(1,4).
Zirconia membraneson carbon support were originally developed by Union
Carbide.Ucarsep and Carbosep are trade names of these ultrafiltration membranes.
Thesemembraneshave high chemical resistancethat allows steam sterilisation and
cleaningproceduresin thepH rangeof 0-14attemperaturesup to 80DC (1,4).
Ultrafiltration top layer coating is applied to the macroporouscarbon support.
Thecoatingmaterial; zirconia, have a particle size range20 - 150nm and aggregate
sizerangeof 100- 1000nm. Pore size of thecarbonsupportis about300nm and 30 %
porous.After coating membranewas applied it was heattreatedat about400 - 600°C.
Applicationareasof these~embranesare treatmentof water streamsfrom oily wastes
andfoodanddairy industry.
Guizard (10), Cot (5) andLarbot (37) useda sol-gel methodto preparezirconia
membranetop layers on an alumina support. Zr alkoxide was hydrolysed at room
temperature.The precipitatewas peptisedwith nitric or hydrochloric acid at pH 1.1.
Metaloxidepercentof thefinal sol was about20 wt % . Cot et al. (5) reportedparticle
sizesof 10nm for a low electrolyteconcentrationand if electrolyteconcentrationis 100
timeshigher,particle size increaseto 60 nm. Particle size increasesfurther if the Zr02
concentrationin thesolution is increasedabove 1% (5,10,26,37).
Alumina supportswere preparedby using slip castingprocess dried at20-
150°Candthermaltreatmentapplied in the400- 900 °c The zirconia membranelayer
canbeproducedby dipping processes,after dipping tetragonalphaseexists at 700°C.
Porediameterdependson the thermaltreatmenttemperatureand thepore diameterwas
6 nm at 700°C and at 70 nm 1200 0C. Mean pore radiuos of this zirconia membrane
was32nm (30).
These zirconia membranescan be used in ultrafiltration application such as
separationof small biomolecules produced in bioreactorsand for the partitioning of
reactantsandby-products.
2.2.1.3.4Titania Membranes
In many studies titania membranesshow excellent chemical resistance and
interestingphotochemical and catalytic properties (5,15,26,30,34,46,50,7,16,26).The
simplefact thatthesematerialshave very high surfaceareamakesthemhighly unstable
athightemperaturesbecauseof their increasedtendencyto sinter(46,31).
Particle diameterswere in the 6 to 180nm rangedependingon the preparation
condition.Titania is present in the anatase phase up to 500°C and above this
temperatureis transformedto the rutile phase.Pore diameterdependson the calcination
temperature,for example if it was calcined at 500 °C pore diameterwas 6 nm and at
1100°c porediameterwas 180nm. It was necessaryto use binders for the preparation
ofcrack-freemembranes( 5,7,15,16,26).
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Titaniathin membranelayercan beproducedfrom titaniasol in isopropopanol at
roomtemperaturein an excessof a water!isopropanolmixture to which a small amount
of acid is added.Acid addition necesarryfor the peptiaztion qf the precipitate after
hydrolysis.These peptised sols consisted of stable colloidal dispersions. Titania
membraneswere depositedon alumina supportsfrom colloidal suspensions containing
0.1- 0.2mol/L Ti02 afteradditionof drying control chemical additives(DCCA) such as
polyvinylalcohol (PV A) and / or hydroxy propyl cellulose(HPC) for preventing crack
formationduring the drying process.Thin titania layer was about 1 Jlm thick. These
aluminasupportedtitania mebranesused for measuringgas permeation. Mean pore
diametersof the membranesafterfurtherheattreatmentat T< 500°C was 4-5 nm The
porediameterincreasedto around20nm dueto theformationof therutile phaseat 600
°C (15,16,26,56,57,37).Titania membraneswere chemically stable in wide pH ranges
(2-12) in 10 weekshad a high waterpermeability(16).
Various gas separationexperimenthavebeenappliedby using titania supported
andunsupportedmembranesat different temperatures.For exampleHe/02 gas mixture
gavepermselectivityof 2.49at25°C and2.74at245°C (31,26,37).
2.2.1.3.5 Glass(Silica)Membranes
The preparation of submicrometer monodisperse particles by controlled
hydrolysisof metal alkoxides has been widely investigatedfor a number of ceramic
materials.In particular, sol-gel processes involving the formation of particulate
materialsor glass-precursorgels from silicon alkoxides such as tetraetylorthosilicate
(TEGS) and tetrametoxysilane (TMOS). Silica sols and gels can be produced very
easilyboth by the colloidal suspensionand by the polymeric gel route. Larbot and
coworkers(5) have described the synthesis of silica membranesstarting with a
commerciallyavailablesilica sol in an aqueoussolution at pH 8. In the preparationof
silicasolstartingfrom TEOS in ethonolic solution, thehydrolysis was performed under
acidicconditions.Organic additives were used as binders along with glycol used as
plasticisersto depositeat Si02 films on alumina porous substrates.The depositedfilms
weredriedand calcined at450°C (5,9,21,29,49,56,57,61).
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Organic binder was added to the sol before coating in order to prevent crack
formationduring drying and firing treatments(55).Membrane pore diameter after
calcinationat 450°C were in the 2nm - 6nm range. Peterson synthesised silica
membraneswith a mean pore diameter of 15°A. These membranes had a higher
permeabilityto helium, nitrogenand oxygenthentitaniamembranes.The result showed
thepermeabilityof thesemembranesto small moleculeshad a greaterdependenceon
pressure(50).
Glass or silica membraneshave been evaluated for desalination of sea and
brackishwaters and the removal of water from urea solutions by the principle of
hydrofiltration,for reconcentrationof oil in oil/water emulsions by high pressure
ultrafiltration, for separationof metabolicproducts from blood, separationof protein
andbloodtreatmentby diafiltration(l,4).
2.2.1.3.6MolecularSieveMembranes
The main molecularsievemembranesarecarbonandzeolite membranes.
Zeolitesare of great interestas new materials for inorganic membranesbecause the
microporesystemsof zeolites are inherentfor the structureand their pore dimensions
arepreciselycontrollableby ion- exchangeandchemical vapourdeposition (55,56)
Syntheticzeolites are widely used in the form of granules,either as adsorptive
separationagentsor as catalysts.Zeolites with less than 10 °A pores are also desirable
membranematerials, due to their crystallinity, resistance to high temperature and
chemicalinertness.Zeolites have been used as componentsin composite membranes.
Themostcommonform of thesematerialsconsistsof a suspensionof granularzeolitic
particlesin polymer and ceramic matrixes. Mechanical compression of a layer of
powderedzeolite on a moulded alumina support, followed by NaOH and water glass
treatment,producesa membranethatshowsgood air-separationproperties(1,4).
Zeolite-filled hydrophobic membranewas introduced by Hennepe et al. The
additionof silicate to silicone rubber membraneimproved both the selectivity and flux
of themembranein alcohol separation from dilute mixtures. In some experimental
work,varioustypesof zeolite-filled hydrophilic membraneswith polymer matrix were
preparedfor some separationexperimentsuch as alcohol-water, acetone-watersystems
andvariousgasmixtures( 02, N2, CO, CO2, H2, CH4) (55, 56, 58, 59,33).
By using zeolite and silica, some researchersproduced microcomposite system.
Small crystals of zeolite with two and three dimensional channel systems were
embeddedin amorphousthin films derivedfrom TEOS hydrolysedin alcoholic solution.
Theseinorganicmembraneswill ultimately be deposited on the surface of chemical
sensorsandserveas moleculersieveswhich control accessof selectedtargetmolecules
tothesurface(13t
Molecular sieve carbon's (MSC) can be accomplished by the pyrolysis of
thermosettingpolymers such as polyvinylidene chloride, polyfurfuryl alchol, cellulose,
cellulosetriocetone (1980, 1986, 1987)By using polymers and MSC they produced
hollow- fiber gas separationmembranes.In principle, polymeric hollow fiber can be
porousor dense.And theyusedthis membranesfor adsorptionexperimentsof CO, CO2,
02, Ar, N2, C2H2, H2, H20 gases.Trimmand Coper (1970, 1973) prepared MSC for
catalystsystems.(1)
2.2.2 Advantagesand Disadvantagesof InorganicMembranes
2.2.2.1Advantages
Major advantageof inorganic membranesis their high temperaturestability.
Thesemembranescan be usedfor long termoperationsat high temperaturesbecauseof
thethermalinertness.This is of special interestin applicationsin which the naturalfeed
temperatureis high or when it is desiredto operateat high temperaturesto decreasethe
viscosityof the feed by this way increasing membraneflux. Because of high thermal
stability,thesemembranescan easily be used in steamcleaning and sanitising in food,
dairy,beverageand pharmaceuticalindustry.In principle, determinedby the membrane
chemistryand stability of the componentsof the module, many inorganic membrane
devicescouldoperateata temperaturein excessof 1000DC.
The second advantageis mechanical stability under large pressure gradients.
Inorganicmembranesarenoncompressibleandno creepformation occurs.
The other advantageof inorganic membranesare the chemical stability over a
widepH range.This advantagecan be importantfor applications in which feeds with
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extremepH, especially on the alkaline side, are processed. It can also be used In
cleaningcyclesin which hot causticor acid is usedfor cleaning.
Thesemembraneshaveshown very long lifetime in manyapplications from 3 to
5years.This reducetheoperatingcostsfor users.
Electrocatalyticandelectrochemicalactivityeasilyrealisable.
Thesemembranesareeasy to shape.Pore dimensionand pore size distribution
arealsocontrolable.
An outstandingadvantageof ceramic membranesis their ability to withstand
prolongedexposure to non-aqueous media. This capability makes them suitable for
hydrocarbonand various solvent applications, including operation at elavated
temperature.
2.2.2.2 Disadvantages
Inorganic membranes have shown brittle character so need special
configurationsand supporting systems.This has been especially severe for modules
constructedwith individual tubularelementsor with small diametermultiple-pass a way
monoliths.This fragility problem should become relatively unimportant for larger
diameter,lessfragile monolith devices.
Theyhaverelativelyhigh capital installationcostsandalso theyhave
relativelyhigh modification costs in case of defects.Compact, polymeric membrane
moduleshavehad prices from $8 to $20 per squarefoot. Ceramic membraneshavehad
pricesof $150 to $ 200 per square foot. Nowadays some modules are becoming
availableat a price as low as $ 120 per square foot. These high prices for ceramic
membraneproducts do not reflect a high profit for the manufactures, but a high
productioncoast.As illustrated in the market place, ceramic membranescan displace
polymericmembranesonly if a) Ceramic membranescan perform a separationwhich
cannotbe actieved with polymeric products, such as producing very high solid
concentratesor operating at high temperature b) operating conditions allow a
considerablehighmembraneflux for theceramicmembraneproducts
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Ceramic ultrafiltration membraneshave been reliably produced with retention
propertiescomparable to those of the lowest" molecular weight cutoff' polymeric
membranes.This is important in applications in which loss of product for example
proteinin wheyrecovery,carrieson economicpenalty
Ceramicultrafiltration membraneshave low waterflux which will limit process
fluxin manyapplications.
These membranes show brittle character needs special configuration and
supportingsystems.
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CHAPTER 3
DSE OF INORGANIC MEMBRANES IN ULTRAFILTRATION,
MICROFILTRATION AND GAS SEPARATION
The technologiesin which ceramic membranesareused include Microfiltration,
Ultrafiltration,Gas separation and pervaporation. Microfiltration membranes have
relativelylargepores (lOOnm to few 11min size), Ultrafiltration membranesespecially
withporesize in the I nm- 100nmrange.Nanofiltraion membranesfor gas separation
andpervaporationwith pore size of Inm or smaller.Mesopores generallyaredefined as
thosehaving widths between 20 and 500 A ( 2 and 50 nm), macropores those with
widthsgreaterthan 500 A and micropores those with widths smaller than 20 A
(1,2,3,4,5,6,71).
Historically membraneexperimentsstartedat 1823from Dutrochet for osmosis
anddialysiswork. But the first large scaleapplication of inorganic membraneswas for
the separationof U235 and U238 from naturalUF6 mixture during World War II in the
ManhattanProject . In 1970's inorganic membranes started to be used for gas
separation,before the 1970's membranes relatively used in food and bevarage
processes,biotechnology application and water treatment.The present and possible
knownapplicationof ceramic membranesaregiven Table 3.1 and the shareof markets
foradvancedseparationsystemsin 1991in Figure 3.1.
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Table3.1:Applicationsfor Ceramicmembranes(3).
Indusry Use
Clarifiesandstrerilizesfruit juices and vinegar;
FoodandBeverages
concentratesand homogenizesmilk and eggs;
separatesconstituentsin wheyremovesphenols,tannins,colors
and heat-unstableprot insfor
WIne
RemoveshydrogenfromrefinerystreamandCO2
GasSepa.ration
andH2S from aturalgas;N2 enrichment;CH4
r coveryin miningoperations
BiotechnologyIPharmaceutical
ConcentratesvaCCInesandenzymespurifies
ami oacids,vitaminsandorganicacidsr m vesviruse fro culturebroths
Waste-oil
hydrogenationproc sses,catalytical
dehdrogenation
oflargemoleculesatlow
Petrochemical
t mp ratur sandpressures,coalgasificationi pu itndundesirablem tal
MetalRefining
oxi es for moltenaluminum,m gnesium,and
u e lloys
Purificat on
forwater,acids,s lve tsand
Electronic
rganiccomp unds
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PROCESS
Gas Separation
Electrodialysis
Reverse Osmosis
Dialysis
APPLICATION
Food and
Bevarage
Biomedical
Figure3.1.Theshareof marketsforadvancedsystemin 1991(3).
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Ultrafiltrationin theconventionalsenseis a pressure-drivenprocessoftenused
forsimultaneouslypurifying,concentratingandfractionatingmacromoleculesor fine
colloidalsuspensionswithoutphasechangeor interphasemasstransfer.Ultrafiltration
membranestypicallyhavepore sizes in therangefrom 10 to 10000A . Typically
rejectedspeciesincludesugars,biomolecules,polymersandcolloidalparticles.
Ultrafiltrationmembraneprocessesaregenerallyusedin thefood,bevrageand
dairyindustriesforeffluenttreatedandforbiotechnologyandmedicalapplications.
InTable3.3hasbeenshownsomeof thecurrentandfutureusesof ultrafiltration
membranesin variousindustries.
Microfiltration is theprocessto separatemicron-sizedparticlesfrom fluids.
Approximaterangeof themicrofiltrationmembraneis 0.02to 10 /lm.Microfiltration. .
membranemodulesaretypicallyoperatedin oneof two modes,crossflow or through
flow.Crossflow microfiltrationis becommingincreasinglypopularas the preffered
modefora largevarietyof filtrationapplicationsinvolvingseparationandconcentration
ofparticulatesuspensionor solutions,therecoveryof low molecularweightsubstances
andin someinstancestherecoveryof low molecularwieghtsubstancesandin some
instancestherecoveryof molculessuchasproteins.
Recentlymuch attentionhasbeenpaid to ceramIcmembranesexhibitinga
nanoporousstructurewith theaimof newmembraneprocessesfor thenanofiltrationof
liquids,pervaporationgas separationor catalysis.These membranesare achievable
usingtheconceptof nanopahseceramics.Nanophasematerialsdeal both with the
nanometer-sizedparticleand with the nanometerpore size aspects.The nanopore
aspectsi centraltomembranetechnologiesbecauseof theneedfor selectiveseparation
processatthemolecularlevel.Membraneseparationprocessesare tabulatedat Table
3.2.
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Table3.2.Membraneseparationprocesses.
MembraneProcess SeparationPotentialfor Driving force Preferablypermeatingcomponent
ReverseOsmosis
Ultrafiltration
Microfiltration
Gaspermeation
Aqueouslow molecularmasssolutions
Aqueousorganicsolutions
Macromolecularsolutions,emulsions
Suspension,emulsions
Gasmixtures,watervapour-gasmixtures
Pressuredifference
Pressuredifference
Pressuredifference
Pressuredifference
Solvent
Solvent
Continuousphase
Preferablypermeatingcomponent
Pervaporation Organicmixtures,aqueous-organicmixturesPermeateside:ratioof partial
pressuretosaturationpressure
Preferablypermeatingcomponent
tv
Liquid membrane
Osmosis
Dialysis
Electrodialysis
Aqueouslow molecularmasssolutions,
aqueous-organicsolutions
Aqueoussolutions
Aqueoussolutions
Aqueoussolutions
Concentrationdifference
Concentrationdifference
Concentrationdifference
Electricfield
Solute(ions)
Solvent
Solute(ions)
Solute(ions)
Table3.3.UltrafiltrationApplications(3).
Industry
ExistingEmerging
MetalFinishing
lec ropant,oil/waterSpraypaint
emulsions
MetalWorking
Oil/wateremulsionsLubricatingoils
Dairy
Wheyprote s,milkProtei hydro ysis
Pharmaceuticals
nzy s,vaccines,plasmaBior actor
proteins,
ntibiotics,
progens
Food
Potat starch,eggwhite,gelVegat bl o ls
andwine Clarification
Textile
Sizingchemicals,indig
scounng
PulpPaper
Lignincompou d
Chemicals
astelat x,In-process
latex \
LeatherWorking
Tannerywaste
Sewage
SewreatmentsforMu ici alwa te
buildi gs
Wa er
Wa urufi ation reverse
osmosispretreatment
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CHAPTER 4
SOL-GEL PROCESSING OF CERAMIC MEMBRANES
Sol-gel processesprovide a new approach to the preparationof metal oxides.
Startingfrom a solution, a solid network is progressively formed via inorganic
,
polymerizationreactions.The termsol-gel processingcould actuallybe used in a broader
senseto describethe synthesisof inorganic oxides by wet chemistry methods such as
precipitation,co-precipitationor hydrothermalsynthesis.
As early as 1845, Selmi had produced silver chloride sols and noted that salt
solutionsgreatlyaffectedthe stabilityof thecolloid, i.e theycausedtheparticles to settle
out.Faradayobservedthatdispersionscould scatterlight proving thatthe salts were not in
solution,but presentas discreetparticles. It is, however only comparativelyrecently tha~
industryhas been able to capitalise on the benefits of these sol-gel reactions, as both
technicalandeconomicfactorsinhibitedtheir full-scale exploitation(41,65).
Inorganicsol-gel routeswere pioneeredin the 1960sby OAK Ridge Laboratories
(USA) andtheErwell Laboratories(UK). Their work was focusedon applications in the
nuclearindustry, where remote handling of powders and the elimination of dusty
processeswere of paramountimportanceand for these reasonscost penalties could be
toleratedmoreeasily.The initial studieswerefocused on uraniumandthorium oxides but
werelaterextendedto ceramics. It proved possible, using sol-gel techniques,to produce
ceramicpowdershaving specific particle size and densities.This eliminatesthe crushing
andgrindingstepsrequiredby conventionalprocesses.The advantageof thesetechniques
offeredin the control of particle morphology was soon extended to non-nuclear
applications,andtherehasbeena hugeinterestin thesetechniques.
This expansionof interest in these techniques in the 1960salso broadened the
applicationsfor metal alkoxides in ceramics and glasses. A strong interest in these
materialscontinuesparticularlyin electronicandstructuralapplications.These application
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areasincludehigh-tech ceramicssuch as piezoelectric,pyroelectric and superconducting
materials.There have also been significant advances made in contact lenses, filters,
catalystsupportsand membranes.Some patentedapplicationsinclude ceramic fibers and
- abrasives.
Althoughconsiderableinvestmentwas made in coatingsresearchvery little of the
workwastranslatedinto products.However, the pioneering work of Yoldas and Dislich
andHussman(in coatings) has led to a major revival of interestin theseareas.One of the
successesof this revival is the development of thin film ferroelectric non-volatile
memories(62).
Two routesarecurrentlyuseddependingon the natureof the molecular precursor.
The inorganicroutes are currently used depending on the nature with metal salts in
aqueousolutionsand the metalorganicroutewith metalalkoxide or by changing the pH
of an aqueoussolution. Condensation that occurs leading to the formation of metal-
oxygenmetal bonds. Condensed species are progressively formed from the solution
leadingto oligomers, oxopolymers, colloids, gels or precipitates. Oxopolymers and
colloidalparticlesgive rise to sols, which can be shaped,gelled, dried and densified in
ordertogetpowders,films, fibers or monolithic glasses(63).
Sol-gel processesoffer many advantagesas compare to the conventional powder
routesuchas:
1- Homogenousmulti-componentsystemscan be easily obtained by mixing the
molecularprecursorsolutions.
2- The potential ability in a VISCOUS liquid to minimise the sources of defects
introducedin theprocessingpowder.
3-Theability to visually examinemanygel productsfor defectsafter drying.
4-Temperaturesrequiredfor materialprocessingcan be easily obtainedby mixing
themolecularglassesor ceramics.
5-The rheologicalpropertiesof sols or gels allow theformation of fibers, films or
compositesbysuchtechniquesasspinning,dip-coatingor impregnation.(64)
Oneuniquepropertyof the sol-gel processis theability to go all the way from the
molecularprecursorto the product,allowing a bettercontrol of the whole processesand
synthesisof tailor-madematerials.Therefore,a real masteryof the sol-gel process would
require an emphasiswhich relates chemical reactivity to gel formation and powder
morphology.(65)
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The chemistry of the sol-gel processis basedon hydroxylation and condensation
ofmolecularprecursors.These reactionshave been extensively studied in case of silica.
Two differentroutes are usually described in the literature depending on whether the
- precursoris anaqueoussolution of an inorganicsalt or a metalorganiccompound.
The most versatileprecursorsfor the sol-gel synthesisof oxides are undoubtedly
metalalkoxide, which are very reactive toward nucleophilic reagents such as water.
Hydrolysisand condensation of transition metal alkoxide appear to be much more
complexthan silicon alkoxide. They must be handled with great care, in a dry
environmentandstabilisedvia chemicalmodification.
Structuralevaluationduring the sol to gel and gel to solid transitions need to be
fully understoodbefore a real mastery of the sol-gel process can be reached. The
propertiesof a gel and its responseto heat treatmentare very sensitive to the structure
alreadycreatedduring thesol stage.Thereforethe formation of colloidal aggregatesoften
determinesthe main propertiesof the resulting powder and its ability for the extent to
whichthepowdercan be sintered.By varyingthechemical conditions under which silica
ispolymerised,polymersto colloidal particles.The aggregationof colloidal Si02 particles
andthegrowthof silica polymershavebeenextensivelystudiedduring last few years.
Monodispersedtransitionmetaloxide colloids arecurrently synthesisedwhich can
exhibitanisotropicshapes.Particle-particle interactions then lead to the formation of
anisotropicaggregatesin which all individual particles are mutually oriented. These
orderedaggregatescalled "tactoids".They can lead to anisotropic coatingsthat behaveas
hoststructuresfor intercalation.
Sols andgels are usually consideredas intermediatesin the processingof glasses
andceramics.Thereforedryinganddensificationarevery importantprocessesthatneedto
befullyunderstood(63).
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4.1Sol· Gel Chemistry
4.1.1Hydrolysisof metalcations
The word "hydrolysis" is used here to describe those reactions of metal cations
withwaterthatliberateprotonsandproducehydroxy or oxy species.In aqueoussolutions
thisreactionresults from the solvation of positively charged cations by dipolar water
molecules.It leadsto theformationof [ M(OH2)Nf+ species.
H H
Mz+ +: 0 -1 [M~0 ]
H H
Wateris a Lewis baseandtheformation of an M= OH bond with the metal cation
(Lewisacid) draws electrons away from the bonding cr molecular orbital of water
molecule.This electrontransferweakensthe O-H bond and coordinatedwater molecules
behaveasstrongeracids thanthesolventwatermolecules.Spontaneouslydeportationthen
takesplacefollows:
(1)
Where"h" is called the hydrolysisratio. It indicateshow many protons have been
removedfromthe solvation sphereof the metal cation. The acidity of coordinatedwater
moleculesincreasesas the electron transfer within the M-O bond increases. In dilute
solutionsthis leads to a whole set of more or less deprotonatedspecies ranging from
aquaocations[M(OH2)N]z+ (h=O) to neutral hydroxides [M(OH)z]o (h=z) or even
oxyanions[MON,](2N'.z). correspondingto the case when all protons have been removed
fromthecoordinationsphereof themetal.The electrontransferwithin theM¢=OH2 bond
increaseswiththeoxidation stateof themetalcation NZ+ andcoordinatedwater molecules
becomemoreacidicasz increasesasshown in Table 4.1.
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Table4.1 . Partial chargedistributionin [M(OH2)6f+(41).
MZ+ X8M08H
Mg2+
2.625+0.86-0.34+0.27
A13+
754782933
Ti4
875 9
V5+
3 0 30.511 4
W6+
28310
A convenientrule- of-thumbshows thatthe hydrolysis ratio h of a given precursor
[M(OHMOH2)N.h](Z.h)+mainly dependson two parameters,thepH of the solution and the
oxidationstateof the metalcationMZ+. A charge-pH diagramcan thenbe drawn in order
toshowwhich aqueousspeciespredominatein Fig.4.1. Two lines correspondingto h=I
andh=2N-l respectively separatethree domains in which H20, OH, 0.2 ligands are
observed.(67)
z
"
G
4
2
or-12 .
o 7 14
pI-I
Figure4.1.Charge-pH diagramshowingtheevoluationof hydrolysedspecies
(65).
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4.1.2Determinationof thehydrolysisratio
~'.
In very dilute aqueous solutions, metal cations exhibit several hydrolysed
~monomericspecies in the pH range 0- 14. The problem is then to know whether it is
possibletopredict the chemicalnatureof theseaqueousspeciesata giyen pH.
Following the electronegativity equalisation principle it can be stated that
deportation(eq. 1) goes on until the electronegativity Xh of hydrolysed species
[M(OHMOH)N_h](Z-h)+becomesequal to the meanelectronegativity.Xaq of the aqueous
solution.
ProtonexchangereactionsbetweenH30+and H20 speciesare very rapid aqueous
solutionsothatit can be assumedthat XH+=Xaq. As a consequencea linear relationship
canalsobeestablishedbetweenthemeanelectronegativityXaq and the pH of an aqueous
solution.
(2)
XaqOandA dependon thereferencestatefor electronegativityscale.Choosing
[ HS02tas a referencefor proton at pH=O and 2.49 as the mean electronegativityof
wateratpH=7to:
Xaq=2.732- 0.035pH (3)
This meansthat h can be expressedas a function of pH leading to the following
expressIOn:
atpH=0
atpH=14
h= 1.47z- 0.5N - 1.08(2.732- XM) / (XM)Yz
h= 1.08z+0.37N' - 0.79(2.242-XM) / (XM)Yz
(4)
(5)
Thisshowthat at a given pH, h mainly dependson the oxidation state"z" and the
coordinationnumber"Nil of thecationMZ+(41).
28
4.1.3Hydrolysisof Si IV andAIlII
ThePartial Charge Model, appliedto SiN (XSi= 1.74,N=4) leadsto:
h=(2.088+0.2I 7pH) / ( 0.679+0.018pH) (6)
Four different hydrolysed precursors [Hn(Si04) (4·n)·can be found in aqueous
solutions,ranging from [Si(OH)3(OHht (h=3) to (Si02(OHhlat pH=14 shown in Fig
4.2.
h • rSiO (OlT) l'
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Figure4.2. Hydrolysisof Si N (N=4) andAIlII (N=6,N'= 6) as function of pH
(41).
Aluminiumprovides a more interestingexamplefor which the coordination of the
metalcationdecreasesfrom octahedralas pH increases.This coordination changeoccurs
aroundpH=6.
Let us consider the M-OH2 bond. The negatively charged oxygen atom gives
electronstoboththe metal M and the hydrogen:M8+ <=08'=>HO+deportation goes on,
electronsaremoreattractedby themetal.The partialcharge8M becomesless positive and
theM-O bondbecomesless polar Table 4.2 shows, leading to covalent anions such as
[A104]5'Octahedralaluminium [AI(OH2)6]3+species are observed at low pH whereas
tetrahedralaluminates[AI(OH)4]- areformedathigh pH as shown in Fig 4.2.
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Table4.2.Partial charge in hydrolysedAIlI species(41).
Precursor
XOAIo(H2O)
[Al(OHz)6]3+
2.75+0.78+0.3
I )(OHz)sf+
67326
z(OHz)4t
5914
3 3]O
2.420
4.1.4Stability of M-OH bonds
According to Figure 4.1theorderof preferencefor ligands is usually HzO < OR" <
02' asthe(charge/radius) ratio of thecation increases( FigSl). However M-OH bonds
arealwaysstablein aqueoussolutions.The high dielectric constantof water can lead to
thedissociationof polar bonds. The stability of Mb+ - 0°- - Hb+bonds toward ionic
dissociationthendependson theelectronegativityof themetal.
Basic dissociation is observedwith low-valent metal cations such as Na+or Bi+.
Theirelectronegativityis so small (XM <1)thatelectronsarestrongly attractedtoward the
OH groupleading to the dissociation of the polar MO- - OHO-bond: M-OHaq :=}M\q +
OH'aq. NaOH is a strong base and [Na (OHZ)N] cannot be deprotonated under usual
conditions.
Acid dissociation is observedwith electronegativeelementsat the upper right of
theperiodictable(pv, SVI, CI VII) or with highly charged" dO"metal cations suchas Mn VII
thatgivecovalentoxyanions.These cationsaremoreelectronegativethanhydrogen(XH=
2.1).Electronsareattractedtowardthemetal,increasingthepositive chargeHb+leadingto
thedissociationof thehighly polar MOO-- Hb+bond:MO' Haq:=}MO'aq+H+aq.HMn04 is
averystrongacidand [Mn04r speciescannotbe protonatedevenat low pH.
M-OH bonds are stable either when transition metal ions have a high oxidation
stateandempty"d" orbitales. Strong d1t-p1ttransfers favour the formation of M= 0
doublebondswhichdecreasethepositivechargeof themetalion (65).
4.2 CONDENSATION OF HYDROLYZED PRECURSORS
The "charge-pH" diagram is a very useful guide for sol-gel chemistry.
Condensationbecomespossible when at leastone stableM-OH bond is formed i.e. in the
intennediatedomain in Figure 4.2.
Condensationcould also be initiatedvia redox reactions.Mn02 gels for instance
cannotbe formed MnIV precursorsthatareusually not soluble in aqueoussolutions. They
havebeenpreparedvia the reductionof permanganatesalts[Mn04r by fumaric acid.
The enthalpychangesfor thefirst hydrolysisreactionis positive and often close to
theenthalpyof dissociation for water (13.3 kcal/mole). The tendencyof metal cations to
hydrolysethereforeincreaseswith temperature,a phenomenonwhich is widely used for
thehydrothermalsynthesisof molecularsievesor monodispersedcolloids (64).
4.2.1Olation and oxolation
The two main mechanismsfor condensationare called olation and oxolation. In
bothcases,polynuclearspeciesare formed via the elimination of water molecules from
precursorscontainingat leastoneM-OH group.
OIationcorrespondsto thenucleophilic additionof a negativelychargedOH group
ontoa positivelycharged hydratedmetal cation. As aqua-cationsusually exhibit their
maximumcoordinationnumber,theformation of an "01" bridge requires the departureof
onemoleculeof wateras follows:
Oxolation involves the condensation of two OH groups to form one water
molecule,whichis thenremovedgiving rise to an "oxo" bridgeas follows:
>M - OR +HO - M <==>M - 0 - M <+H20 (8)
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Olationand oxolationrequireat leastone negativelychargednucleophilicOH
groupin thecoordinationsphereof themetalcation.Howevera surveyof experimental
datasuggeststhatthis is notenoughandcondensationdoesnot seemto occurat room
.....temperaturewhenthepositivechargeof themetalcationsis toosmall(8M~+0.3)(68).
4.2.2Condensationof a tetravalentcation,Si IV
Theaqueouschemistryof SiN is dominatedbythefactthatit remainstetrahedrally
coordinatedoverthewhole rangeof pH. Condensationoccursuponacidificationof an
aqueoussolutionsilicate.Condensedphasesare formedof comer sharing [Si04) 4·
tetrahedrainorderto minimiseelectrostaticrepulsionbetweencations.
As shownin thefirstpartof Table4.3,onlyprotonatedspecies[HnSi04t4.nl'have
tobetakenintoaccountasprecursorsforcondensation.
Table4.3.Partialchargecalculationon [HnSi04](4.nl( 41).
Precursor hydrolysisPHX,OSi OOH
[HsSi04t
=3<02.74+0.560
[ 4Si04]o
49.995847-0.12
3 r
h 513.3 3530
2 i04]2.
6 2.1055
The[H2Si04)2.precursor(h=6)is astrongacid.Theycanonlybeobservedin very '\
basicoracidaqueousolutionsrespectively.The pH=5 precursor[H3Si04r leadsto the
formationf a largenumberof oligomericspeciesaroundpH=12.About 20 different
speciesrangingfrommonomerstodecamershavebeenevidencedby Si NMR in aqueous
solutionfpotassiumsilicate.ReporteddatashowsthatabovepH=9.
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In thepH range3 ~pH ~9, neutralspeciesSi(OH)4 arepredominantthey lead,via
oxolationreactions, to the formation of amorphous hydratedsilica: Si(OH)4 ==Si02 +
2R20.Around the Point of Zero Charge(pH=3), gelation is very slow but reaction rates
mcreasesignificantly by changing the pH. Base catalysis occurs at higher pH. It is
governedby nucleophilic additionof negativelychargedSi-O onto positively chargedSi
atoms.This leads to branchedspecies,which give rise to densecolloidal silica particles
(FigA.3).
. Acid catalysis ( pH< 2) leadsto the protonationof the leaving silanol group. The
morenegativeOH groups are theninvolved, i.e. terminal si-OH rather than bridging Si-
ORoSi.This leadsto the formationof chain polymers, which give rise to polymeric gels.
A.sshownin Fig.4.3 (41).
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Figure4.3.Polymerizationbehaviourof silica (25).
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4.3ALKOXIDE PRECURSORS
The sol-gel synthesisof glassesand ceramics is mainly based on the hydrolysis
andcondensationof alkoxide precursors.These alkoxides are not soluble in water and
commonsolventsuch as theparentalcoholhasto be used. Water is typically diluted in an
alcoholandaddedslowly to thealkoxidesolution in order to preventprecipitation.
The metal- organic route is much more versatile than the inorganic one. Many
chemicalparameters,other than pH can be used to control the- reactions (solvent,
hydrolysisratio, alkoxy group, acid or base catalysis). However alkoxides are rather
expensiveandhighly reactivetoward moisture.Therefore they are not currently used in
industryand most research is performed in universities. The sol-gel chemistry of
alkoxidesis somewhatdifferent from the chemistry of aqueous solutions. However, as
soonas an excess of water is added,most organic groups are removed and chemical
reactionsbecamesimilar to thoseobservedin aqueoussolutions.
4.3.1Hydrolysisand Condensationof Metal Alkoxides
The so-called sol-gel process is based on the hydrolysis and condensation of
molecularprecursorssuch as metalalkoxidesM(OR)z whereR is typically an alkyl group
(R=CH3, C2Hs, .... )
Hydrolysis:>M - OR +H20 ==>M - OH +ROH
Condensation:>M - OH +RO - M <==>M - 0 - M <+ROH
(9)
(10)
WhereM can be Si, Ti, AI, Zr. These reactionscan happenunder acidic, basic, or
neutralconditions(34,26). The formation of gels for acid and base catalysedsystemsis
shownschematicallyin Figure 4.4. Figure 4.4-a) acid - catalysedgels, b) base-catalysed
gels,c)colloidalgel agedunderconditionsof high solubility, d) colloidal gel. Composed
ofweaklybondedparticles(69).
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Figure4.4.Schematicrepresentationof gel desiccation (69).
They can be synthesiseddirectly Via the reduction of alcohols by strongly
electropositivemetalsor via substitutionreactionsof metal salts such as chlorides with
alcoholsoralkalinealkoxides.
Alkoxy groups are rather hard 1t- donor Iigands. They stabilise the highest
oxidationumberof the metal. Therefore alkoxides of main group elements and dO
transitionmetalsare well known while those corresponding to soft an late transition
metalshavebeenmuchlessstudied.The numberand stabilityof metalalkoxides decrease
fromlefttorightacrosstheperiodictable.
Thechemicalreactivityof metal alkoxides toward hydrolysis and condensation
mainlydependsonthepositivechargeof the metal atom8Mand its ability to increaseits
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coordinationumber"N". As a generalrule, theelectronegativityof metalatomdecreases
andtheirsize increaseswhen going towardthebottom left of the periodic table as shown
inTable4.4. The correspondingalkoxides become progressively more reactive toward
hydrolysisandcondensation.Silicon alkoxidesareratherstablewhile cerium alkoxide are
verysensitiveto moisture.Alkoxides of electropositivemetalsmust be handled with care
undera dry atmosphereotherwise precipitation occurs as soon as water is present.
Alkoxidesof highly electronegativeelementssuch as PO(OEt)3 cannot be hydrolysed
underambientconditions,whereasthecorrespondingvanadiumderivativesVO(OEt)) are
readilyhydrolysedinto vanadiumpentoxidegels ( 41,65,67)
Table4.4.Electronegativity"X", partial charge" OM", ionic radius "r" and maximum
coordinationumber"N" of somemetalalkoxides ( 41).
OM
0
Alkoxide X r (A)N
Si(Opri)4
1.74+0.320.404
Ti( ri)
3260646
Zr( ri)
294877
Ce(Opri)4
1751.028
PO et 3
2. 1.133
V (
56659
4.3.2Sol-GelChemistry of Silicon Alkoxides
The sol-gel chemistry of silicon alkoxides has been extensively described. It is
verydifferentfromthechemistryof silicatesin aqueoussolutions.
Hydrolysisandcondensationreactionsof Silica could be written asfollows:
Si(OR)4 --7 Si(OR))(OH) +ROH (11)
Si(ORhCOH) +Si(OR)4
2Si(ORhOH
--7 (RO))Si-O-Si(ORh + ROH
--7 (ROhSi-O-Si(ORh +H20
(12)
(13)
Thehydrolysisof Si(OR)4 thenleadsto Si(OH)4 and theformation of Si02•
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Si IV is fourfold coordinated (N=Z=+)in the precursor as well as in the oxide so that
coordinationexpansion does not occur and silicon alkoxides Si(OR)4 are always
monomeric.The electronegativityof Si is ratherhigh (X=1.74)and its positive charge
(0::::+0.3)quitesmall. Silicon alkoxidesarethereforenot very sensitivetoward hydrolysis.
Gelationcantakeseveraldays.Their reactivitydecreaseswhen the size of alkoxy groups
increases.This is mainly due to steric hindrance, which prevents the formation of
hypervalentsilicon intermediates.
As for aqueoussolutions, hydrolysis and condensationrates of silicon alkoxides
canbeenhancedby acid or basecatalysis.Inorganic acids reversibly protonatenegatively
chargedalkoxide ligands and increasethe reaction kinetics by producing better leaving
groups.Basic catalysisprovides betternucleophilic OR groups for hydrolysis whereas
deprotonatedsilonol groupsSi-O- enhancecondensationrates.
Acid catalysismainly increaseshydrolysis rateswhereasbasic catalysisenhances
condensation.
Howevercatalysisdoesnot only increasereactionrates.As in aqueoussolutions, it
leadstopolymericspeciesto polymeric speciesof different shapes.The negativecharge
of OR groupsincreases.as the electron-providing power of oxo and alkoxo ligands
increases.Theeaseof protonationof OR groupsthereforedecreasesas theconnectivityof
theadjacentSi atom increases.Acid catalysed condensation is directed preferentially
towardtheendsof oligomeric speciesresulting in chain polymers. The positive partial
chargeOSi increaseswith its connectivityso thatnucleophilic addition of Si-O- is directed
preferentiallytowardthe middlesof oligomers leading to more compact,highly branched
species.
4.4Preparationof Sols
Therearetwo main routesfor the sol-gel process,which are describedin Fig. 4.5.
Therouteontheleft side is known as the colloidal (or particulate)route. It involves the
reactionof a metalsalt or hydratedoxide with excesswater. This yields a precipitateof
gelatinoushydroxidecolloidal particles, which can redisperse through a peptization
reactionusinganelectrolyte.The particlesizes in theresulting sol are typically a few tens
ofnanometresanaresuitableto createmicroporous(1-20 A) or mesoporus(20-60 A) .
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In the colloidal gel route due to fasterhydrolysis rates,a gelatinous precipitateis
obtainedwhich is peptized usually with some amount of acid to form a stable colloidal
sol.
Upon the extractionof the solvent from thesepolymeric and colloidal gels solids
withdifferentpore structureswill form: This is again schematicallyshown in Figure 4.6
and4.7 for thesilica system.
Certainparameterssuch as water/alkoxideratio, molecular separationby dilution,
thereactionmedium,the natureof catalyst,pH etc. will effect the averagemolecular size
distributionof the polymeric species. This is in turn will make it possible to obtain
materialswithdifferentproperties.
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Figure4.6.Polymergrowthandgel
formationin acid catalysed
systems
Figure 4.7. Polymer growth andgel
formation in base-catalysed
systems.
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The porous structure and pore sIze distributions are governed by particle
aggregationatthesol stage.The peptizationphenomenonusedto preparea colloidal sol is
basedon electrostaticinteractionsaccording to DLVO theory.The repulsion forces that
preventparticleaggregationin the sol area resultof the electrical double layer causedby
theamphotericbehaviourof themostof theoxide surfaces.
Electrophoresisallows us to determinethe particle stability range through particle
mobilitymeasurementas a function of pH and electrolyte concentration.When the pH
valueis decreasedor increasedawayfrom the isoelectricpoint (IEP), a maximum stability
forthesol is observedwith high repulsiveforcesbetweenparticles.
NeartheIEP a flocculation phenomenonoccurs, resulting in FigA.8, a chargein a
particlemobilityversuspH results in an evolution of particle stacking, which influences
poresizeandthe structureof the membrane.Based on the control of thesephenomena,
tailoredpore structureshave been produced for titania and zirconia membranes.This
conceptwas also applied to alumina membranes.The pore sizes were in the 2.5-6 nm
range.Drying and firing steps can also be porous structure in different ways. The
influenceof drying conditions was revealed to be of prime importance to silica
membranes.Concerningthefiring step,Fig. 4.9 illustratesthe influence of temperatureon
poresizeevolutionfor analuminamembrane(66).
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Figure 4.8.Influenceof particlechargeand mobility in a colloidal solon the porosity of
theresultingmaterial.V=potentialenergy,H= interparticledistance.(66).
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Figure4.9.Influenceof the firing temperatureon the pore size evolution of an alumina
membrane(66).
4.5Agingand Desication
Althoughthe sharpincreasein viscosity, which accompaniesgelation, essentially
freezesin aparticularpolymerstructureat the gel point (ie. gelation may be considereda
rapidsolidificationprocess).This "frozen-in" structuremay changeappreciablywith time
(aging)dependingon the temperature,solvent and pH conditions or upon removal of
olvent(desiccation).Changes in gel structure during aging and desiccation were
describedby Zarzycki et al. with respectto the problem of preparing monolithic gels.
Theydescribedthe structuresof gels (preparedeither by destabilisationof silica sols or
polycondensationof organometalliccompounds) according to TIer's models of aqueous
silicatesandthusmadeno distinction between"polymeric" and colloidal gels. However,
thereis now compelling evidence that under many conditions employed in gel
preparation,singlephasepolymer gel~rather than colloidal gels,are formed. This may
changethemechanismof aginganddesiccationsignificantly.
For example,becauseof the similarity in structure of certain metal alkoxide
derivedgelsand organic polymer gels such as polyacrylamides (both systems are
composedweaklybranchedpolymersand are single phase at the gel point), Schafer and
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Keeferrecently postulatedthat critical phenomenasuch as phase separationshould be
observedin theseinorganic systemsas well. According to theoriesestablishedby Tanaka
andothersfor organic polymer gels changesin temperature,solvent quality or solvent
concentrationcan induce phase separation (which is observed to occur reversibly in
poyacrylamidegels). It is expected,however, that as the critical point is approached,e.g.
duringa changein concentration,fluctuationin polymer densitygrow larger in amplitude
(thanthoseresulting merely from thermal motions) and scale as the gel separatesinto
regionsof high and low polymer density.Density fluctuation should promote additional
crosslinkingas unreactedterminal groups (OH and OR) come in contact in regions of
higherpolymerdensity. This increasedcrosslinking and becauseunder most conditions
therateof depolymerisation is low should cause phase separation to be essentially
irreversible(69,70).
Qualitativeevidencein supportof phaseseparationhasbeenobservedby Yoldas.
In severalreports, he shows a gel prepared from a titanium alkoxide which, under
particularagingcondition is shown to have shrunk dramaticallywhile expelling solvent.
Thismayrepresenta phaseseparatedsystemgradually approachingequilibrium (34).
Much of thecurrentinterestin gels stemsfrom the potentialof forming monolithic
piecesof glass.As a partof this processgels must be dried without cracking. Changesin
gelstructureduringdrying weredescribedby TIerfor colloidal systems.According to TIer,
surfacetensionforcescreatedduring solventremoval causetheoriginal extendednetwork
tofoldorcrumpleas thecoordinationnumberof theparticle increased.Porosity develops
whendue to additional crosslinking or neck formation, the gel network becomes
sufficientlystrengthenedso thatit resiststhe compressiveforces of surfacetension.Thus
thefinaldesiccatedgel structure(xerogel)will be a contractedanddistortedversion of the
structureof thegeloriginally formedin solution (Figure 4.4 c & d) (68).
Forpolymergels, removalof solvent is expectedto collapsethenetwork gradually
resultingin additionalcrosslinking as unreactedhydroxyl and alkoxy groups come in
contact.If so,theresultingphaseseparatedstructuremay bear no relation to the structure
of the geloriginallyformed in solution, and hence the final desiccatedmorphology may
presentonlyacontractedversionof this secondaryphaseseparatedstructure.
If phaseseparationdoesnot occur (e.g. if it is unfavourablethermodynamicallyor
kinetically)it is expectedthatpolymergels will continue to collapse and crosslink until
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theycan resist the compressIve action of surface tension (at which point porosity IS
created).
High density, low pore volume gels are therefore formed in weakly crosslinked
......systemswhen the rate of condensation conditions the gel structure can be highly
compactedbefore it is sufficiently crosslinkedto result in pore formation (FigAA a). For
silicagelstheseconditional exist nearthe isoelectric point. Conversely low density gels
areformedwhenripening, neck growthand/orphaseseparationarepromotedand the rate
ofcondensationis high with respectedto therateof solvent removal.For silica gels these
conditionsare enhancedby increasedwater concentrations, intermediatepH 6-10 and
elevatedtemperature.
There are numerous qualitative observations which support the concepts
developedabove.Brinker et al. preparedsilica gels over a wide range of pH and water
additions.No microstructuralfeaturesweredistinguishablein the highestdensity xerogels
(p=1.63g/cm3)while the lowest densityxerogels(p=0.68g/cm3) preparedat pH 8.8 were
distinctlyglobular(21). Since at the gel point the acid catalyzedgels were composedof
polymericlusters,thesemicrostructuralobservationssuggestthat phase separationwas
suppressedin theacid system,whereasthe globular featuresobservedin the basesystem
maypresentthedesiccatedform of theoriginal polymeric clustersor a desiccated,phase-
separatedstructure.
Brinker and Sherer preparedmulti-component silicate gels with three levels of
bothpHandH20.The highestdensityxerogels (p=127 g/cm3) were obtainedat pH 2.5 (
neartheisoelectricpoint of silica). Aging thesesame gels for 3 weeks in 3M NH4 OH
solutionprior to desiccation restructed the gel (presumably by ripening and neck
formation)causingthedesiccatedgel (xerogel)densityto decreaseto 0.72 g/cm3(25).
Reinforcementis most commonly carried out without much change of the gel
structurebyheat-agingthe wet gel to anoptimum degree.When carriedfurther the aging
processcoarsensthe structure.Depending on the characterof the initial gel and the
temperature,timeand pH of aging, the gel structurecan go through the statesshown in
Figure4.10.Figure4.10 A, gel as formed anddried. Shrinks on drying, giving small pore
volumeandsmallpore diameter.B, wet heat-aged-increasedcoalescence.Little shrinkage
ondrying.Pore diameter larger than dried A. C, furthers heat-aged or autoclaved.
tntcturecoarsened:smaller area and larger pores but same pore volume as B. D
disintegrationt irregularroundedparticles(68).
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The aging mechanism is simply the dissolving of silica from gel structure of
smalleradios and deposition of silica on the larger or thicker regions. This mechanism
.....wasclearlydescribedby Alexander,Broge, TIer(68).
It mustbe understoodthatthe simple stepof washing salts out of a gel is also an
"ageing"stepand the pH of the wash water is critical in the case of gels madefrom acid
andsilicate.Also, thefinal propertiesof suchgels dependon both thepH at which the gel
wasformedandthepH at which it was washed(aged)beforedrying (68).
4.6Dryingof Xerogelsand Membranes
The final porous microstructurein xerogelsandmembranesareestablishedduring
drying.it is also very crucial becausecracks tend to form during drying and this usually
necessitatesveryslow controlleddrying ratesandprocesses.(15,21).
Theextentof shrinkageof thesolid network at thecritical point has a determining
roleonthefinal pore volume - size distribution in the dried gel or xerogel. This is turn
dependson a balancebetweenthe capillary pressuresthat tries to collapse the gel and
stiffnessof thegel thatopposesit. For bulk gels this maytakea lot longer (hours or days)
thanfilms(secondsor minutes)causing lower levels of condensationreactions in films
duringdrying.Thus, capillary tensionis highercausinggreatercollapse of the network in
films.In summaryfilms have lower pore sizes,pore volumesand surfaceareasthan their
bulkcounterparts.
The stagesof drying are illustrated schematically in Fig 4.12. Initially the gel
consistsof a continuosliquid phase.When evaporationbegin to expose the solid phase,
theliquidtendsto spreadover it, becausethe solid / vapor interfacehas a higher energy
(Ysu)thanthesolid/ liquid interface(ysc).As the liquid stretchesto cover the solid tensile
stressappearsin the liquid stretchesto cover the solid tensile stressappearsin the liquid
andcompressivestressis imposedon the solid network. The gel network is so compliant
thatitcollapsesintothe liquid so thatthe network shrinks asfast as liquid evaporates,and
theliquid/ vapormeniscusremains at the exterior surface of the gel (Fig 4.12) (70).
Figure4.10 representA) before evaporationbegins, the meniscus is flat. B) capillary
tensiondevelopsin liquid as it stretchesto prevent exposure of the solid phase, and
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networkis drawn back into liquid. The network is initially so compliant thatlittle stressis
neededtokeepis submerged,so thetensionin the liquid is low andradius of themeniscus
is large.As the network stiffens, the tension rises and, at the critical point (end of the,
-Constantrateperiod), the radius of the meniscusdrops to equal thepore radius. C) during
thefallingrateperiod, the liquid recedesinto thegel
Stages of Drying
(A) Initialcondition
Liquidivapor merriscL:sfiat
Pore liquid
Solid phase
(8) Constant rate period
Pressure in liquid at exterior:
?('/ ,'/ )
P =- 'SV 'SL
E r
(e) Falling rate period
Evaporation
Shrinkage
r
Maximumcapillarypressure:
Empty pores
MinimiJm radius of CiJrvatu:e
Figure4.l2.Schematic illustration of drying process: black network represents
lid phaseandshadedareais liquid filling pores.(70).
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During this stage, the curvature of the interface is relatively small and the
evaporationoccurs as if from a free liquid surface.This is known to clay technologiesas
the"constantrate period"; for gels, the drying time for a plate 5mm thick is typically a
weektoamonth.
As thegel shrinks, its stiffness increases,becausethe solid network (whetherit is
particlesor polymers) is becomingmore tightly packed and becausethe aging processis
occurringconcurrently.As the gel stiffens, the pressureat the surface of the liquid rises
untilthemeniscusreaches its maximum curvature (corresponding to the radius of the
pore)andthefull capillary pressureis imposed on the solid phase.When the gel is too
stiffto contractunder that pressure, shrinkage stops; in clay, this is known as the
"Ieatherheadpoint". The amountof shrinkagethat occurs up to thatpoint dependson the
:lmountof aging; in fact, very slow drying leads to higher pore volume, presumably
becauseof moreextensiveagingduringdrying (70).
It is theshrinkageof thesolid network at thecritical point thatestablishesthefinal
porevolume,pore size and surface area of the dry gel or xerogel. Therefore many
strategiesdesignedto tailor the porosity of either bulk or thin film xerogels rely on
controllingtheextentof shrinkage.The extentof drying shrinkagedependson thebalance
betweenthemagnitudeof thecapillary pressurethatcollapses the gel and the stiffnessof
thegel that provides resistance to collapse. This balance depends in turn on the
characteristictimescaleof the drying process.For bulk gels, lying pathwaysfor flow and
diffusionrequiredrying to occur slowly (hours to days), especially if cracking is to be
avoided.For films, vigorous evaporation overlaps the complete deposition process.
Withinsecondstheentrainedsol is concentratedand dried to form an extremelythin solid
film(typically10 to 300 nm). This short characteristictime of the thin film deposition
processrepresentsthetimefor continuedcondensationreactionto occur. Thus, compared
tobulkgels,films are less highly condensedprior to the critical point and hence suffer
greatcollapseduring drying. This has the synergeticeffect of reducing the pore size,
increasingP andgreatercollapseof thenetwork. Consequently,films arecharacterizedby
lower poresizes,porevolumesandsurfaceareasthanbulk counterparts (21).
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Drying process is composedof two successivestages.In the first stage,which is
calledtheconstantrateperiod, the loss of pore fluid is accommodatedby shrinkageof the
ge~surface.In other words, the volumeshrinkagewill be equal to the volume of thepore
.-'fluidlost by evaporation.The driving force for this shrinkage is the capillary tension P
developedin the liquid, which can be correlatedto the pore radius through the Kelvin
equation:
where;
P=2yLV cos8 / rp
yLV: Liquid - vapor interfacialenergy
8 =Contactangle
rp =Pore radius
(14)
For wetting pore fluids (8 <90°) the meniscu~is concave and the liquid is intension(positiveP). The reducedvolume of liquid stretc~ cover the solid surfaceso
thathecreationof thehigher-energysolid-vapour interfacesis avoided.
This tensionin the liquid causesthegel network to contract.Further shrinkageand
condensationas the reactive terminal hydroxyl species are brought into closer contact
continueup to the critical point. At this point shrinkagestops and tension is maximised.
Contractingnetworkis stiff and resiststo furthercompaction. Further evaporationof the
porefluidcausesthemeniscusto go intogel interior, which is thebeginningof thesecond
stageofdrying,thefalling rateperiod,which can also be divided into two stages(70).
Obviously,using a solvent with a lower surfacetension will reducethe capillary
pressure.Smithandco- workers demonstratedthis approachby aging silica gels in either
ethanolr waterand subsequentlywashingthem in various aprotic solvents with a range
ofsurfacetensions.They found thatfor basecatalysedgels, an increasein surfacetension
leadstoalineardecreasein thesurfacearea,pore volume, and pore size of dried samples.
Foracidcatalyzedgels that are less highly cross-linked, the micropore surface areaand
porevolumeincreasewith increasingsurfacetension, whereastotal surfaceareaand pore
volumeshowedan opposite trend. These results clearly show the effects of network
rigidityandcapillary pressure on the microstructure of xerogels. Furthermore, they
establisht efeasibilityof preparinghigh-surfacearea, low density materials at ambient
pressure,incontrastwith thepreparationof aerogelswith_supercriticaldrying (21).
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When (as is often the case) liquid evaporatesonly from one surface of a porous
plate,capillary tensiondevelopsfirst on thedrying surface.The tensiondraws liquid from
theothersurface in an effort to produceuniform hydrostaticpressure.If the permeability~
..•.ishigh,the flux of evaporatingliquid is readily provided with small pressuregradient.
However,if the permeability is low or the plate is thick, the tension in the liquid can be
greateron one facethan on theother,andthecompressiveforceson thesolid network will
varycorrespondingly.This situationis illustratedin photo of a pieceof silica gel drying by
evaporationfrom the upper surface. The low permeability of the gel leads to the
developmentof a significant pressure gradient, so the network is subject to greater
compressionon the drying surface,and this causesit to wrap upward. At a later stageof
drying,theliquid has retreatedinto the gel, so the pores near the upper surfaceare filled
withair,andthe surroundingnetwork is releasedfrom compressiveforces. However, the
lowerportionof the plate still contains liquid and that porti-onof the network is being
compressed,so thedirectionof wrappingreverses(69).
Irregular Drying Front
Figure4.13.Theory of drying (70).
Even though theseadjacentinterconnectedpores have different radii (rd and rs),
~quidevaporatesfrom them at the somerate,so the radii of the menisci (rm) in the pores
areequalduring the constant rate period. As shown in Figure 4.13 if the radii were
differenthe capillary tension2 )'Lv / rm would also be different liquid would flow from
oneporeto the other until the meniscibecomeequal again.This sketchshows the critical
pointfor the larger pore, when then radious of the pore ( rm= rd. Unless it prevent by
shrinkageof the solid network, fu-rtherevaporationwill force the liquid to retreatinto the
largerpore; however, rm can continue to decreasein the smaller pore and the greater
tensionin the liquid in thatpore will suck liquid from the largerpore. In this way, larger
poresemptywhile smallerporesremainfull of liquid (70).
This processcan causethe liquid / vapor interfaceto move into a drying body in a
highlyerratic fashion. Figure 4.13 show the drying front moving through a bed of
submicrometersilica spheres,the white regions in the Figure 4.3 are water-filled and the
blackregionsin the photo are air-filled pores which scatter light. Low magnification
showsthattheboundary is atomically rough. Because of variations in pore size, regions
containingthousandsof pores can emptywhile the sUIToundingpores remain full. These
driedpocketscancausescattering,making a drying body appeartranslucentor evenmilky
white,even though individual pores are much too small to cause scattering. This
phenomenonis obvious during the drying of porous Vycor glass, where the pores are
smallerthan10nm; the glass is perfectlytransparentwhen fully wet or fully dry but turns
whiteandopaqueduring drying (68).
It hasbeenarguedthatcracking result from the variation of pore sizes in the gel,
becausethehighercapillary pressurein a smallerporecould fracturethe wall separatingit
fromaneighbouringlargerpore,asshown in Figure 4.12.
Aginghelpsto reducecracking of gels, but it is still necessaryto dry very slowly
toavoidcrackingof anymacroscopicpiece.Several much moreefficient approacheshave
beensuggested,including surfactants" drying control chemical additives (DCCA)",
hypercriticaldrying and analysis.Since differential strain arises from capillary pressure,
it'sevidentthatsurfactantscan reducethestressby reducingthe interfacial energy.This is
illustratedin Fig. 4.12.c, which shows much less acoustic activity (cracking) when a
surfactantisaddedto thesol. Hypercritical drying eliminatesthe liquid! vapor interfaceby
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heatingthegel underpressureto a point abovethecritical temperatureand pressureof the
solvent.
At that point there is no difference betweenthe solid / vapor and solid / liquid
interfaces;that is, there is no capillary pressure.The hypercritical dried gel (called an
aerogel)hasthesamevolume asthesol from which it was made,becauseno compressive
stressis applied to the solid phaseduring drying. If an aerogel is re-wet and dried, it
collapsesinto the structureobtained by conventional drying. Although this method is
extremelysuccessful for silica gels, some compositions will dissolve in the aggressive
environmentof theautoclave(criticalpoint of methanolis 240DC and78.5 atm.) (69).
Most supercriticaldrying is donewith alcohol becauseof its useas a solvent in the
sol-gelstep.However, Tewari and Hunt showed that carbon dioxide can be used as a
dryingagentafter the displacementof alcohol. There have been recent reports on the
effectof dryingagent(i.e.; alcohol versuscarbon dioxide) on the propertiesof silica and
titania-silicaerogels.Specifically, Smith et al. found that the surface area of a base -
catalysedsilica gel dried with carbondioxide is about25 % higher than that of a sample
driedwithethanol.Becauseethanolhasa higher critical temperaturethancarbon dioxide,
theseauthorsascribedthis difference in surface area t~ated aging at the higher
temperaturewith alcohol facilitatesthecrystallisationof titaniain titania-silica gels.
4.6.1Theuseof DCCA's in DryingProcesses
Organicadditionscalled drying control chemical additives (DCCA) can be used
forcontrollingsol-gel derived gel membranemonolith fabrication and drying to prevent
crackingproblems.These additives can control the rate of hydrolysis- polymerisation
reactions,reducedrying stresses,and effect the pore size distributions. Organic like
formamide,glycerol,oxalic acid, PV A and othersare known to be used for this purpose
(24).
Theuseof formamidewas reportedto reducethe gelation,aging and drying times,
dryingstressandincreasethe size of the gel monoliths in the preparationof Si02 gels
from alkoxides.The formation of uniform particle sizes during sol formation and more
uniformporesizedistributionsduring drying are enhancedby the use of DCCAls. The
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DCCA'showever must be removedduring drying- calcination- densification before pore
closurehappens.
The term DCCA has beenapplied to a number of substancesincluding glycerol,
,.
40rmamideandoxalic acid. Use of theformamideDCCA, comparedwith methanolalone,
leadstoa largergel network. Consequently,a largerpore size distribution is developedin
thegelbut still with a narrow distribution of pores. The gel network has substantially
largernecks and greater strength.Therefore, large silica gel monoliths made with
formamideDCCA's can be dried muchmore rapidly without cracking. Use of oxalic acid
asDCCA alsocontrols thesize andshapeof thepore distribution curve.
Either formamide or the organic acid DCCA greatlydecreasesthe breadthof the
poredistribution,which decreasesthe magnitude of capillary stressesinduced during
drying.The above results suggestthe mechanisms for DCCA control of silica sol-gel
processingas depictedschematicallyin Fig. 4.14-4.17.Fig. 4.14illustratesthe sequence
ofstructuralchangesthat must be controlled in order to produce large scale monoliths
witharangeof densities(24).
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DCCA'showevermustberemovedduringdrying-calcination-densificationbeforepore
closurehappens.
ThetermDCCA hasbeenappliedto a numberof substancesincludingglycerol,
,.
-formamideandoxalicacid.Useof theformamideDCCA, comparedwithmethanolalone,
leadstoa largergelnetwork.Consequently,a largerporesizedistributionis developedin
thegelbutstill with a narrowdistributionof pores.The gel networkhassubstantially
largernecksand greaterstrength.Therefore,large silica gel monolithsmade with
formamideDCCA's canbedriedmuchmorerapidlywithoutcracking.Useof oxalicacid
asDCCAalsocontrolsthesizeandshapeof theporedistributioncurve.
Eitherformamideor theorganicacidDCCA greatlydecreasesthebreadthof the
poredistribution,which decreasesthe magnitudeof capillarystressesinducedduring
drying.The aboveresultssuggesthemechanismsfor DCCA controlof silica sol-gel
processingasdepictedschematicallyin Fig. 4.14-4.I7. Fig. 4.14illustratesthesequence
ofstructuralchangesthatmustbecontrolledin orderto producelargescalemonoliths
witharangeofdensities(24).
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Addition of basic DCCA suchas formamideproducesa largesol-gel network with
uniformlylarger pores. An acid DCCA, such as oxalic acid, in contrast results in a
omewhatsmaller scale network after gelation but also with a narrow distribution of
pores.Thus, either basic or acidic DCCA's can minimize differential drying stressesby
minimizingdifferential ratesof evaporationandensuring a uniform thicknessof the solid
networkthat must resist the drying stress. Achieving a uniform scale of structure at
gelationalso results in uniform growth of the network during aging which thereby
increasesthe strengthof the gel and its ability to resist drying stresses.Recent work
indicatesthatthis ultrastructuralcontrol is due to the DCCA' s effect on the ratesof both
hydrolysisandpolycondensationasdiscussedabove.
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Figure4.15. Control of sol-gel processing with organic acid DCCAs. Step1:Sol
Fonnation
Withouta DCCA a wide rangeof pore sizes and diameterof solid network are
produced(Fig.4.14- 4.17) whengelationoccurs.Differential growth of the silica network
willtherebyoccurduring agingdue to local variations in solution-precipitationrates.The
neteffectis anagedgel structuresuch as depicted in Fig. 4.14-.17, with many regions
susceptibletocrackingduringdrying.
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As shownin Step5 in Figure4.17an effectof DCCA, however,mustalsobe
capableofbeingremovedduringdensificationbeforeporeclosure.TheDCCA mustalso
becapableof removalduringdryingwithoutproducinga residue,which is sensitiveto
moisture.
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X-Ray diffraction of the formamide DCCA silica gels showed no evidence of
devitrification;however, FfIR analysisshowed a 926 cm-! SiOH peak still present.The
majorproblemin the formamideDCCA process is a tendencyfor residual formamide to
reactwith water vapour. When the adsorptionoccurs preferentiallyon the surfaceof the
driedgel uneven stresses develop. Therefore, it is essential to eliminate residual
formamidewithout exposure to water vapour if full densification of monoliths is to be
achieved(24).
In order to avoid the moisturerelateddensification problems associatedwith the
formamideDCCA, organic acid DCCAs have also been used with TMOS and H20 to
formlargemonolithic silica gels. The specific surface area of the fully dried silica gels
madein this mannerusing oxalic acid DCCA is 690m2/g prior to densification with an
averageporesize of only 20AO.The tail of the pore size distribution does not exceed70
AO whichaccountsfor theexcellentoptical transparencyof thesesilica monolithics.
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Figure4.18.Changein poredistributionwith sinteringtemperature(24).
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There is a little changein the pore size distributionof the DCCA silica gels until
densificationoccurs at T> 600°C, Fig 4.18. The most interestingfeatureof densification
ofthesegels is thatthemesoporesareeliminatedfirst andsubsequentdensificationoccurs
...-withthe mean pore size remaining small. Densification primarily is due to only the
numberof poresdecreasing.
The silica gel monolithics madewith an oxalic acid DCCA show a broad rangeof
physicalpropertiesdependingupon densification temperature,while optical transparency
ismaintainedthroughout.
By varying the densification temperatureit is possible to obtain an index of
refractionof silica matrix betweenn= 1.397(atA=0.6328Jlm) and that of densevitreous
silica,n=1.457.This makes it possible to produce silica lenses of very low index of
refractionwhenthemicroporosity is taken into account.If we assumethe samedispersion
reportedby Malitson for vitreous silica, these gels-derived silicas provide a family of
opticalcomponentswith propertiesnot previously available from melt-derived process.
Withtheexceptionof the lowest temperaturesamples (I500C) this wide range of n is
achievedsacrificeof the IR absorptionedge.
For certain applications, an important feature of the sol-gel silica derived silica
lensesis their low density. A sol-gel silica lens densified at 750°C is environmentally
stableandhalf the strengthof vitreous silica and only 61 % of the density. Thus, large
lenseswill havesubstantiallylower weight requiring less supportstructure,andso on.
As a result,theshrinkageof thegel is uniform (i,e, thereis less differential strain),
sowarpinganddrying stressesareminimized. The laterphenomenonmay accountfor the
successof theosmoticextractionprocedurediscoveredby Yoldas, the sol is placed in to a
dialysismembraneand immersedinto alcohol (or salt solution); the water diffuses out of
thesolproducinggelationfollowed by acceleratedshrinkage.In this wayan alumina gel
toshrinkto the leatherheadpoint in a matterof hours. Since the water in alcohol within
thegel,so the water can be extractedfrom the interior of the gel with a minimum of
differentialstrain.It should be noted that DC CAs can be very difficult to remove after
drying,so thatsintering is difficult or impossible, while the dialysis method does not
introducedanycontaminantinto thegel. (69)
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4.7CeramicMembraneSupportTypeandTheirPreparation
The fabrication of polycrystalline technical ceramics generally involves the
co solidationand shapingof a fine powder, followed by a sinteringprocessto achievethe
requisitefired microstructureand properties.Two importantmethodsfor achieving these
stepsin themanufacturingof refractoryand electronic technical ceramic componentsare
drypressingandslipcasting(39,40).
Dry pressingmay be definedas thesimultaneousuniaxial compactionand shaping
ofagranularpowder with small amountsof water and/or organicbinders during confined
compressionin a die. The extensive particle of dry pressing stems from the inherent
abilityto form rapidly a wide variety of shapes with close tolerances and controlled
ompactcharacterusing highly mechanisedand automatedequipment. For example,
steatite's,alumina's, titanates,and ferriteshave been dry pressedin sizes ranging from a
fewmils to several inches in linear dimensions at ratesup to 5000 parts per minute on
smallerparts.The force of dry pressing is the manufactureof small parts with surface
reliefin thepressingdirections.Sheetsof ceramicwith high aspectratios, less than a few
hundredmils thick, are now conventionally formed by continuous tape casting; and for
shapeswithonegreatlyelongateddimensionor with two- or three-dimensional surface
relief,otherfabricationmethodssuchasextrusionandslipcastingcan becompetitive(39).
A squenceof intermittentstepsis involved in dry pressing a ceramic component.
Feedingis typically synchronised with a drop in the bottom piston followed by a
compressionstepand then ejection of the piece. For soft powders the die materials are
typicallyabrasion- resistanthardenedsteels with a Young's modulus of elasticity. For
longerwearor abrasivepowders, special steel, boride steel, or metal carbide tooling is
employed.Pressuresrangeup to severaltensof thousandsof psi; punch speedsare of the
orderofafractionto a few secondsFunctional variableswhich must be consideredin the
pressdesignare: 1) design of die set (geometry,materials, gap between movable and
fixedcomponents;2) powder feed mechanismand driving force for filling; 3) flow and
compactionpropertiesof powder (control character);4) temperatureand atmosphereof
feedpowderanddie; 5) punchpressureand/ordisplacementprogramanddwell time and;
6)ejectionprogram.Accordingly, the press must be equipped to provide the requisite
actionswithsufficientprecision to ensurereproducible compact characterand geometry
(39).
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Slipcasting is a unique processthat the ceramist has long utilised as one of his
basicforming techniques. It is a very versatile process- one that is based both by the
ceramicartistand manufacturerof highly sophisticatedtechnicalceramics.The versatility
of the process has led to developmentof slip casting techniques for many different
materials.
In essence,slip castingconsistsof thefollowing steps;
I) Preparation of a mixture of a powdered material and liquid into a table
suspensioncalled a slip.
2) Pouring this slip into a porous mold, usually made from plaster of paris, and
allowingthe liquid portion of slip to be partially absorbed by the mold. A layer of
semihardmaterialis formed againstthemold surfaceas liquid is removedfrom the slip.
3) Interruptingthecastingprocesswhen a suitablewall thicknesshasbeenformed.
Thisis known as drain casting. Alternatively, a solid object may be made by allowing
castingto continue until the entire mold cavity is filled with semihard material. This
variationis calledsolid casting.
4) Drying thematerialin themold to provide adequatestrengthfor handling. Some
shrinkageusuallyoccurs in this step.
5)Removalof thesolid objectfrom themold.
The slip cast article has sufficient strength to be handled and to permit other
operationssuchas trimming roughsurfacefrom mold seams.Ware madeby slip castingis
rarelyusedin this form but is subsequentlyfired at a temperaturesuitable for densifying
theparticlesinto a cohesivestructure.The firing operationis much like thatused in other
ceramicprocessing(40)
Thereare many advantagesof slip casting. It is ideally suited for forming thin-
walledandcomplex shapes of uniform wall thickness. The molds, being made from
plasterof Paris, are inexpensive.This featuremakes slip casting especially attractivefor
developmentitemsor short productions.The primary disadvantagesof the processare its
lackofprecisedimensionalcontrol (40).
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4.8HeatTreatmentof XerogelsandMembranes
Phase formation and/or grain growth can occur at different temperaturefor the
currentlyusedmembranematerialslike Si02, Ah03, Ti02, Zr02, etc.The membraneswill
becomesinteractiveat around500-600DC for Ti02, 900-1000DC for Zr02, 300-400DC for
Si02andnumberof phasetransformationswill occur for Ah03 in the 500-1200DC range.
Initialstagesinteringusually will coarsenthegrains andincreasethepore size and density
ofthestructure.The variation of pore size with temperaturewas shown to vary from 3nm
to55nmin the400-1200DC range(5,37).Doping theboehmitesol with lanthanumnitrate
andPYA wasobservedto stabilisethestructurethermallyateven 1100DC (18,19,22).
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CHAPTERS
CHARACTERIZATION OF INORGANIC MEMBRANES
The separationefficiency (e.g. permselectivityand permeability) of inorganic
membranesdepends, to a large extent, on the microstructural features of the
membrane/supportcomposites such as pore size and its distribution, pore shape,
porosityand tortuosity.The microstructuresand the membrane/support geometrywill
bedescribedin some detail particularly for commercial inorganic membranes.Other
materialrelated membraneproperties will be taken into consideration for specific
separationapplications. For example, the issues of chemical resistance and surface
interactionof the membranematerial and the physical natureof the module packing
materialsin relationto themembrownswill beaddressed.(I)
Some commercial inorganic membraneshave a symmetric or homogenous
microstructure.However, the majority of the commercially important inorganic
membranesareasymmetricandcompositein nature.They usually consist of a thin fine
porefilm responsiblefor separatingcomponentsand a supportor substratewith single
ormultiplelayershaving largerporesfor improving the requiredmechanicalstrengthto
themembranecomposite.
Thebasic idea behindthecompositeandasymmetricstructureis to minimise the
overallhydraulicresistanceof the permeateflow path through the membranestructure.
Thepermeateflux througha given layer is inverselyproportional to somepower of the
poresizeof theporous layer.
The final propertiesof ceramics are their microstructure and also their most
importantmechanical,thermal, electrical, chemical properties strongly depend on the
physicalandchemical propertiesof the startingpowders. The most importantphysical
propertiesof ceramic powders are specific surface areas, primary particle sizes,
agglomeratesizes, their unfired compacts, and the morphology of the particles. The
chemicalcompositionandthenatureof thephasesare also very important.This section
will coverthe pore size determination and thermal morphological characterization
techniquesbriefly sincethesearevery importantfor ceramicmembraneperformance.
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FfIR and XRD can be usedas determinationof structuralproperties,TGA,
DTA, DSC can be usedto determinethermalproperties,gravimetricor volumetric
adsorptionsystemcanbeusedfordeterminationof adsorptionrelatedproperties.
5.1Determinationof PoreSizeDistributions
The followingclassificationis usuallymadeaboutthetypesof porespresentin
porousmaterials.Pores with diameterslargerthan50 nm arecalledas macropores,
mesoporeshavediametersbetween2-50nm,andporesbelowa diameterof 2nmare
calledas micropores.This classificationalso fits to the pore size determination
techniquescommonlyused.Opticalmicroscopyis limitedto relativelybig Macropores,
Mercuryporosimetryis limited withMacroporesandMesoporesandlow temperature
gasadsorptionanddesorptionaremainlylimitedtoMicroporesandMesopores.
The physical adsorptionof gases by solids increaseswith decreasing
temperatureand with increasingpressure.The processis exothermic,i.e., energyis
released.Thekineticsandthermodynamicsof adsorptionhavebeenextensivelystudied,
but,whensurfaceareaandporestructurearethesubjectsof interest,theinvestigative
procedureis firstto establishwhatis knownasanadsorption(ordesorption)isotherm.
This,quitesimply,is a measureof themolarquantityof gasn (or standardvolumeVa,
orgeneralquantityq) takenup,or released,ata constantemperatureT by an initially
cleansolidsurfaceasafunctionof gaspressureP. Most frequentlythetestis conducted
atacryogenictemperature,usuallythatof liquid nitrogen(LN2) at its boiling point
(77.35K atoneatmosphericpressure).Conventionhasestablishedthatthequantityof
gasadsorbedis expressedas its volumeat standardconditionsof temperatureand
pressure(0C and760torrandsignifiedby STP) while thepressureis expressedasa
relativepressurewhichis actualgaspressureP dividedbythevaporpressurePo of the
adsorbinggas(calledtheadsorptiveprior toadsorptionandadsorbateafterward)at the
temperatureatwhichthetestis conducted.Regardlessof howthedataareobtainedand
howmanipulatedthereafter,all analysesfirstmustestablishinformationin theformof
quantityadsorbed(or desorbed)vs. Pressure;thereforethe requirementhat these
measurementsbeof thehighestqualitycannotbe overemphasized.Thesedata,having
beengatheredatonetemperature,constitutetheadsorption(desorption)isothermfor the
materialn question.Plots of Va as theordinateagainstPlPo as the abscissareveal
61
muchabout the structureof the adsorbingthe following materialcalled the adsorbent)
simplyfrom their shape.
Adsorption isothermsgenerallyfollow one of six forms, the first five of which
.-/originallywere assignedtype numbersby Brunauer. The sixth is a recent addition; all
areproducedherein Figure 5.1.
Type I isothermsareencounteredwhen adsorptionis limited to, at most only few
molecularlayers. This condition is encounteredin chemisorptionwhere the asymptotic
approachto a limiting quantityindicatesthatall of the surfacesitesareoccupied. In the
caseof physicaladsorption,typeI isothermsareencounteredwith microporouspowders
. whoseporesize does not exceeda few adsorbate molecular diameters.A gasmolecule,
wheninsidepores of thesesmall dimensions,encountersthe overlappingpotentialfrom
theporewalls which enhancedthequantityof gasadsorbedat low relativepressures.At
higherpressures,the pores are filled by adsorbed or condensedadsorbateleading to
plateau,indicating little or no additional adsorption after the micropores have been
filled.Physical adsorption thatproducedthe type I isotherm indicates that the pores
aremicroporousand that the exposed surfece resides almost exclusively within the
micropores,which once filled with adsorbate,leave little or no external surface or
additionaladsorption.
Type IT isotherms are most frequentlyencounteredwhen adsorption occurs on
nonporouspowders or on powders with pore diameters larger than micropores. The
inflectionpoint or knee of the isothermusually occurs near the completion of the first
adsorbedmonolayerand with increasingrelativepressure,secondand higher layers are
completeduntil at saturationthev-numberof adsorbedlayersbecomeinfinite.
TypeIII isothermsarecharacterizedprincipally by heatsof adsorptionwhich are
lessthanthe adsorbateheat of liquefaction. Thus, as adsorptionproceeds, additional
adsorptionis facilitated becausethe adsorbateinteraction with an adsorbed layer is
greaterthantheinteractionwith theadsorbentsurface.
Type IV isothermsoccur on porous adsorbent'spossessingpores in the radius
rangeof approximately15-1000A o. The slope increase at higher elevated pressures
indicatesanincreaseduptakeof adsorbateas thepores arebeing filled. As is truefor the
TypeIT isotherms,the knee of the Type IV isotherm generally occurs near the
completionf thefirst monolayer.
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Rt:lativ e Pressure Po/P
Figure 5.1.The six basic adsorptionisothermstypes(70).
Type V isotherms result from small adsorbate-adsorbentinteraction potential
similarto typeillisotherms.However, type V isotherms arealso associatedwith pores
inthesamerangeas thoseof thetypeIV isotherms.
Type VI isotherms, indicative of a nonporous solid with an almost completely
uniformsurface,is quiterare.Only isothermTypes I,lland IV will beencounteredhere.
An adsorption isotherm for a hypothetical, completely nonporous material
Figure5.2,risescomparativelyrapidly at low relativepressures,risesonly moderatelyat
intermediater lative pressures,and then rises quite rapidly as the relative pressure
approachesunity. Reversing the procedureby reducing the relative pressureleads to a
retracingof the curve. The initial rise in the curves is due to adsorbing molecules
interactingfirst with the most energeticregions of the solid surface and then with the
lessenergeticregions.As theseregionsareoccupiedtherise of thecurve diminishes.By
themidpointof the curve, attachmentof additional gas molecules on sites already
occupiedis occurring, i.e., additional layers are forming. The abruptrise at the end is
dueto the adsorbing gas beginning bulk condensation to a liquid. Surface area
informationresides in lower region of thecurve.
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Figure5.2.Adsorptionanddesorptionisothermsfor anonporousolid.
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Figure5.3.Adsorptionanddesorptionisothermsforaporoussolid.
Theadsorptioncurveof Figure5.3hasthesamegeneralshapesasthatof Figure
5.2 exceptthat it rises more rapidly in the intermediatezone and shows a wide
hysteresisloop insteadof nearlyretractingthe adsorptioncurve.This behaviouris
typicalof mesoporousand macroporousmaterials,i.e., thosethat havepores with
openingsreaterthan2nmand50nmrespectively.Suchporesarelikely tohavea wide
rangeofsizesandshapes.Theyalsomayinterconnectedwithoneanother.
Adsorptivemoleculesto two walls of a poreexperienceenhancedattractive
forces.Theseforcesleadtothebeginningof gascondensationatlowerrelativepressure
thanin thecaseof a nonporoussolid,andporefilling with multilayersof adsorptive
moleculesandthenwithcondensateaccountsfor theriseof themiddlepartof thecurve.
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Theoccurrenceof a wider,more-pronouncedhysteresisloop indicatesthatevaporation
froma pore is a distinctlydifferentprocessfrom condensationwith it. When gas
condensesin a pore,as illustratedin Figure5.4,thecondensatebuildsfrom thewalls
inwardtowarda centralcoredecreasingdiameter.However,it mustevaporatefrom a
liquidsurfacewith a quitedifferentcurvature.This inhibitstheevaporationandcauses
thedecreasingportionof theloopto lag behinduntilall poreshaveemptied.Adsorbent
surfaceareaand pore geometryare intimatelyintertwinedin this type of material.
Analysisof essentiallytheentirecurveis requiredtoexternalall its information.
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Figure5.4. Condensationin andevaporationfromaporeopenatbothends.
It shouldbe notedthattheabsenceof a hysteresisloop as in Figure5.2 is not
conclusiveevidenceof nonporosity.Certainconical,edgeandclosed-endporegeometry
canyieldisothermswithouthysteresis.
Thehysteresisloopsof someisothermsareclosedin thepressureregionnear
saturationas illustratedin Figure 5.5. This shaperevealsthat the adsorbingsolid
containsmesoporeswithanuppersizerestriction.
The adsorptionisothermis quitedifferentwhenthe adsorbingsolid contains
onlymicrospores,poreslessthanabout20 A in width.The extraordinaryadsorption
capacityof such materialsis not a surfacephenomenonbut is due to enchanted
adsorptionin microspores.A microporousmaterialisotherm,Figure5.6,plotted to the
samescaleasthepreviousisothermshowsthecurvetorisealmostvertically,levelout
toalong,nearlyhorizontalsection,andthentoriseassaturationis approachedandbulk
condensationbegins to occur. Examinedin greaterdetail, the initial rise is not
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precipitous.What it revealsis thatadsorptiontakesplaceby microporefilling andthe
progressivelyargermicroporesfill in orderof increasingsize, albeitundera driving
forceof quite low relativepressure.Once the microporeshave filled, very little
".
....-adsorptiontakesplacethereafterfor thereis essentiallyno placeremainingon which
adsorptioncanoccur.Thereis no hysteresisaveat nearunityrelativepressure,as in
Figure5.2.Typicalmaterialsof thistypesarezeolitesandmicroporouscarbon.Theyare
provingtobeexceptionallyusefuladsorbent'sandcatalysts.
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Figure5.5.Adsorptionanddesorptionisothermsfor a solid with limitedpore
sizerange.
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Figure5.6.Adsorptionanddesorptionisothermsfor a microporoussolid. The
insetshowsthesteeprisingregionof theplottedonalogarithmicx-axis.
Theseveralisothermsaredrawnto emphasisedistinctcharacteristics,whereas
actualmaterialscananddo,haveporesin all sizeranges,poresrestrictedtotwoormore
sizeintervalswith few in between,andwith variousotherproportionsof poresize.
Accordingly,isothermshapevaryenormouslyanddetailedexaminationin accordance
withthermodynamicandotherprinciplesis requiredto elicitthedesiredinformationof
surfaceandporestructure.
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5.1.1SurfaceArea
B.E.T andLangmuiradsorptionmethodsaremostwidelyusedproceduresfor
thedeterminationof thesurfaceareaof finelydividedandporousmaterials.
5.1.1.1B.E.T Model
The adsorptionisothermdatamaybe usedto calculatethesurfaceareaof the
sample.The procedureknown as the BET methodwas introducedby, Branauer,
Emmett,and Teller. It is the mostwidely usedprocedurefor the determinationof
surfaceareaof finely divided and porousmaterial.The B.E.T model is basedon
assumptionthateachmoleculein thefirst adsorbedlayeris consideredto provideone
sitefor thesecondandsubsequentlayers.The moleculesin thesecondandsubsequent
layers,whicharein contactwithothersorbatemoleculesratherthanwith thesurfaceof
theadsorbent,areconsideredtobehaveessentiallyasthesaturatedliquid.In thismanner
theequilibriumconstantfor thefirst layermoleculesin contactwith thesurfaceof the
adsorbentis different.ThelinearBET equationin itsmostcommonfromis givenby:
p
Va(Po - P)
1 C-l P
Vi C +\f; . C (-p ) (1)m* m>:< 0
P is thepressure,Po is thesaturationpressure,Va is thequantityof gasadsorbed
atpressureP, Vm is thequantityof gasadsorbedatmonolayer
Classically,thisequationwasusedfor typesII andIV isothermsonly,butit may
alsobeusedfor typeI data,dependingupontheC constant,which is relatedto the
enthalpyof adsorption.In practice,thevalueof C canbeusedto definethemeasureof
heatof adsorption.A high valueof C (=100)is associatedwith a sharpkneein the
isotherm.If C valueis low «20) thesharpkneecannotbeidentifiedasa singlepointin
theisotherm.
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5.1.1.2Langmuir Model
Langmuirwasthefirsttoproposea theoreticalequationrelatingthequantityof
adsorbedgastotheequilibriumpressureof thegas.TheLangmuirmodelwasoriginally
developedto representchemisorptionon a setoh'a distinctlocalizedadsorptionsites.
Thebasicassumptionsonwhichthemodelis basedonareasfollows;
Moleculesareadsorbedata fixednumberof well-definedlocalizedsites.Each
sitecan hold one adsorbatemolecule.All sites are energeticallyequal.ThereIS no
interactionbetweenmoleculesadsorbedonneighbouringsites.
PIP-=--+- (2)V bVm Vm .
Where;
P is the pressure,Po is the saturationpressure,Va is the quantityof gas
adsorbedat pressureP, Vm is the quantityof gas adsorbedat monolayer,b is the
empiricalconstant
5.1.2Characterizationof Micropores : PoreSizeDistribution
MP, Dubinin-Radushkevich,Dubinin-AstakhovandHorvath-Kawazoemethods
aretheevaluatedmathematicalmodelsforporesizedistribution.
5.1.2.1MP Method
Mikhailetal.proposeda methodfor constructingporesizedistributionfromthe
I-plot.Thet-plotis aplotof t, thestatisticalthickness,versustherelativepressure,PlPo.
Thet-plotemploysacompositet-curveobtainedfromthedataon numberof nonporous
adsorbentswithBET equationC constantsimilarto thoseof themicroporoussample
beingtested.Thestandardt-curveis expressedbytheempiricaldeBoerequation.
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5.1.2.2Dubinin-RaduskevichandDubinin-AstackhovMethods
The secondmeansof determiningPSDs of microporousmaterialsfrom gas
adsorptionmeasurementsi basedon thetheoryof volumefilling of micropores.The
theoryof filling of micropores(TVFM) is appliedmost widely for describingthe
physicaladsorptionof gasesandvapoursin micropores.This theoryis basedon the
assumptionthatthecharacterizationadsorptionequationis expressingthedistributionof
thedegreeof filling of theadsorptionspace.This theoryincorporatesearlierwork by
Polanyiin regardto theadsorptionpotential.
5.1.2.3HK Method
TheHorvath- Kawazoemethodwasdevelopedto determinetheeffectivepore
diametersof microporoussolids(solidswithporediameterssmallerthan20 A). The
authorsto molecularsievecarbonsappliedthe method,but Venaro and Chiou and
SeifertandEnig haveextendedit tozeoliteandotheroxide-typemicroporousmaterials.
Themethodis basedon the10:4potentialfunctionsof Lennard-Jones.Using Lennard-
Jonesfunctionsand Gibbs freeenergyof adsorption,Horwath-Kawazoederivedan
expressionthatcorrelatestheeffectiveporediameterof a microporeto theadsorption
isotherm.
(3)
where;
Nathenumberof atomsperunitareaof adsorbent
NA thenumberof themoleculesperunitareaof adsorbate
Aa & AA are constantsin Lennard-Jonespotential for adsorbent&
adsorbate
cr is the distancebetweena gas atomand the nuclei of the surfaceat zero
interactionenergy.
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5.1.3Characterizationof Macro-Mesopores
The Kelvin equation,BJH adsorptionanddesorptionmethodareusedin the
characterizationf themesoporousandmacroporousmaterials.
5.1.3.1Kelvin Equation
In porousadsorbenthereis continuousprogressionfrom multilayeradsorption
tocapillarycondensationin which the smallerporesbecomecompletelyfilled with
liquidsorbate.This occursbecausethe saturationvaporpressurein a small pore is
reducedbytheeffectof surfacetension.
The mesoporesize is usuallycalculatedwith theaid of theKelvin equationin
theform.
Ut ;: =_[ 2y:;~:S8]........H (4)
where;
*
P is thecriticalcondensationpressure,-yis theliquidsurfacetension
e isthecontactanglebetweenthesolidandthecondensedphase
rmthemeanradiusof thecurvatureof temperatureliquidmeniscus
5.1.3.2BJH Method
BJH (Barrett,Joyner and Halenda) methoduses the Kelvin Equation for
calculatingtheporesize distribution.This methodinvolvesan imaginaryemptyingof
condenseda sorptivein theporesin a stepwisemannerasrelativepressureis likewise
decreased.The mathematicsof thetechniqueis equallyapplicablewhetherfollowing
theadsorptionbranchof the isothermfrom high to low pressureor the desorption
branch.
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5.2¥fIR (FrouerTransformInfra-Red)
Vibrational spectroscopyin anothernameinfra red spectroscopy(IR) gIves
informationaboutthechemicalcompositionof thematerials,and in manycasescan
giveinformationabout the chain structure,degreeof branching,stereoregularity,
geometricisomerism,conformation,crystallinityand type of group presentin the
material.In IR spectroscopyIR radiationis passedthroughto a sampleand certain
frequenciesare absorbedby the moleculethatcausesto vibrationalchangesin the
molecule.TheremaybemanyIR bondsobserved.Sinceeachmoleculehasindividual
setsof energylevels,theabsorptionspectrumis characteristicof thefunctionalgroups
thatareinthemolecule.
IR spectroscopycould be useful for obtainingvaluableinformationon the
qualityandrelativequantityof theinorganicphasesof materials.
5.3ThermalAnalysisMethods
Thethermalstabilityof ceramicprecursorandmembranematerialscan
bestbestudiedbyThermogravimetric(TGA) andDifferentialThermalAnalyser(DTA).
Thedecreaseor increasein theweightof a sampleis followedas thetemperatureis
slowlyincreasedup to 1000°C in TGA. The informationcanbe veryvaluablein the
determinationof theoptimumcalcinationtemperatureaboveinformationandthephase
stability.Theoptimumheattreatmentconditionsfurthershouldbedeterminedbyusing
poresizedistributioninformationandSEM pictures.The microstructuresof ceramic
membranesmaydrasticallychangeduetosinteringabovecertaintemperatures
5.4 MicrostructureAnalysisbyElectronMicroscopy
ScanningElectronMicroscopy(SEM) andOpticalMicroscopycanbeusedfor
themorphological-microstructurecharacterizationof ceramicmembranes.SEM is a
versatilet chniquein which5-50keV electronbeamscansthespecimensurface.The
resultingsecondaryelectrons,X-rays and backscatteredelectronsare detectedand
analysedto form images.Magnificationsup to 100.000can be obtained.The
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morphologyof theceramicparticlesmakingup themembrane,theirpacking,andthe
resultingpore structurecan be analysed.Low magnificationpossiblypresentthese
materials.
Scanningelectronmicroscopy(SEM), transmissionelectronmicroscopy(TEM)
andnitrogenadsorption/ desorptionisothermanalyseswereusedto characterisethe
physical structureof thedesiccatedgel. For both SEM andTEM the gels are first
heatedto 250°C which was the degassingtemperaturemployedfor the nitrogen
sorptionanalyses.
A scanningelectronmicroscope(SEM) generateselectronbeamsandformsan
imagefrom the emittedelectronsas a resultof interactionbetweenthebombarding
electronsand the atoms of the specimen.Since electronshave a much shorter
wavelengtht anlightphotons,SEM' s cangeneratehigherresolutioninformationthan
reflectedlight microscopes.With their improvedresolutionandcompetitivepricing,
SEM s have becomea basic surfaceand microstructuralcharacterisationtool in
membraneseparations.This is particularlytruefor porousmaterialssuchas porous
inorganicmembraneswherethethree-dimensionalppearanceof texturedsurfacescan
berevealedbythedepth- of fieldfeatureof aSEM.
5.5MicrostructureAnalysisbyAtomic Force Microscopy
Atomicforcemicroscopy(AFM) imagesshowcriticalinformationaboutsurface
featurewithunprecedentedclarity.TheAFM canexamineanyrigidsurface,eitherin air
orwiththespecimenimmersedin a liquid. "Minor" (andmajor)differencesbetween
"smooth"surfacesareshowndramatically.On onehand,theAFM canresolveverytiny
features,evensingleatoms,thatwerepreviouslyunseen.On theotherhand,theAFM
canexaminea fieldof viewlargerthan125microns(0.005inch),so thatyoucanmake
comparisonswithotherinformation,e.g.featuresseenin thelightmicroscopeor hazes
seenbyeye.The AFM canalsoexamineroughsurfaces,sinceits verticalrangeis more
than5microns.
Largesamplesfit directlyin the microscopewithoutcutting.AFM can easily
examineanyareaon flat specimensup to 8" (20cm) in diameterandup to OS' (12.7
mm)thick.
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A tiny tip gently contactsthe specimen.As the XYZ translatorscanseither the
specimenor the tip horizontally in a rasterpattern(XY), the stylus rides up and do\ n
the surface hills and valleys. The deflection of the tip is registered by the
laser/photodiodesensor and the XYZ translatoradjusts tip or specimen (dependingon
microscope)up or down (Z) to restorethe tip to its original orientation.The computer
storesthevertical position ateachpoint andassemblesthe image.
For imagedisplay, the vertical (Z) and horizontal (XY) rangesindependently,to
bestpresentthe surface structure.Using "dual magnification," the AFM combines the
wide field view of a Scanning Electron Microscope (SEM) with vertical resolution
whichexceedsthat of a Transmission Electron Microscope (TEM). The ratio of the
verticalto horizontal magnification can be very large (1000 or more to allow easy
perceptionof differencesbetweenverysmoothsurfaces.
(a) (b)
Figure5.7. AFM imagesof surfacefeaturesof coating.
Topographic results can be enhancedby simultaneouslyusing other modes of
AFM datacapture.suchas phaseimaging. In Figure 5.7 (a), we seethe many interesting
surfacefeaturesof thecoating.When combinedwith the phaseimage in Figure 5.7 (b).
wecan now tell which features are of similar chemical composition. This allows
determining\,:hethersurface featuresmay be theresultof a residueor specific chemical
component,or whetherthesurfaceis homogeneous.
7
In aaditionto its superiorresolution.theAFM has thesekey ad antages:
Compared with Scanning Electron Microscopes (SEM). the AFM provides
extraordinarytopographicCOIllrast,direct height measurementsand unobscured VJews
ofsurfacefeatures(no coatingis necessary).
Compared with Transmission Electron Microscopes, 3-dimensional AFM
imagesareobtainedwithout expensivesamplepreparationand yield far more complete
informationthanthe2-dimensionalprofiles availablefrom cross-sectionedsamples.
Compared with Optical Interferometric Microscopes (Optical Profiler·). the
, FM provides unambiguousmeasurementof step heights, independentof reflectivity
differencesbetweenmaterials.
(a)
Figure5.8.AFM imagesof thebulk surface.
(b)
Anothermodeof operationwhich can be useful whencombined with topography
isfrictionimaging.In the height image in Figure 5.8 (a) thereare several areaswhere
thetopographyappearshigher and rougherthanthe bulk surface.When combined \ ith
africtionimagein Figure 5.8 (b) we seethatthereis a contaminanton the surfacewhich
appearsdarkin the image.Therefore the contaminanthas a lower coefficient of friction
thantheunderlying surface. This can be helpful in determining the source of the
contaminant.
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CHAPTER 6
EXPERIMENTAL
Materials
Aluminasols werepreparedby usingAluminumIsopropoxide,2-Propanol,Nitric
Water.Silica solswerepreparedby usingTetraethylortosilicate(TEOS), Ethanol,
HN03 in predeterminedratios.Thepropertiesof thesematerialsusedin thiswork
latedin the Table 6.1. Membranesupportswerepreparedby using an aAh03
andPVA asbinder.
1: Specificationsof theMaterials
mIsopropoxide
CHOhAl
ylorthosilicate
HS)4
nol
OH)CH3
ohol
cid
Powder
I alcohol
arationof Sols
AluminaSols
98%,M=204.2,d=1.035
Aldrich
98%,M=208.33,d=0.934
Aldrich
99.5%,M=60.1,d=O.78
Merck
99.8%,M=46.07,d=0.79- 0.791
Riedel
65%,M=63.01,d=1.40
Merck
99,99%, BET = 12,3m-/g
Sumitomo(AKP-53)
M=9000-10000,80%
In thisstudytwelvealuminasolswereprepared.Thecompositionsandthecodesof
inasolsaregivenin Table6.2.In AlHO to AIH5 sols,Water/Alkoxideratiowere
stantwhereasH+/Ae+ratioschangingwithin0.1to0.6 respectively.And in All to
Water/Alkoxideratioswereincreasedwithin200to 100sinceH+/A13+ratiowas
stant.
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Predeterminedamountof Aluminumisopropoxideand2-propanolweremixedfor 2
hoursat80°C. Thesesolutionhadayellowishcolor.And thenwaterwereheatedup to80
°C and addedinto the alkoxide-alcoholmixtureand stirred2,5 hoursat 80°C. These,
solutionhadawhitegelatinousolution.Finally,nitricacidsolutionwasaddeddropwiseto
thesesolutions.This sol mixturewas keptfor another2 hoursat 80°C underconstant
stirring. All the sol preparationsweredonein Pyrex shottbottleswithin openedcaps.
Thesesolswerestoredatroomtemperaturein thesebottleswithclosedcaps.
16gramsof aluminumisopropoxide,100ml2-propanol,11ml Nitric acidsolution
(l,44M,10%)and271ml waterwereusedforAlh 1andAll sols.
Table6.2.Acid!alkoxideratiosandWater/Alkoxideratiosfor Aluminasols.
Kod H+/AI5+H20/Alkoxide
AIHO
0.1200
I
2
2
3
3
4
4
5
5
6
ll
.
I2
18
3
6
4
4
56
0
6.2.2 SilicaSol
In thisstudyfourteentypesofsilica sols werepreparedfrom tetraethylortosilicate
(TEaS). Thecompositionandthecodesof thesilicasolsaregivenTable6.3.In SiA toSil
silicasols,Water/Alkoxideratioswerevariedfrom 3 to 15whereasAcid! Alkoxideratios
werekeptconstant.In SiH1toSiH4 sols,Acid!Alkoxideratioswereincreasedfrom0.0I to
0.1sinceWater/Alkoxideratiowaskeptconstant.
Predeterminedamountof TEOS andEthanolweremixedfor 2 hoursat 50t5 0C.
Waterandnitricacidsolutionwereheatedup around50°C andthenaddeddropwisetothe
TEaS, alcoholmixture.Thesesol mixtureswerekeptanother3 hoursat 50t5 °C. Finally
clearsilicasolswereproduced.All silicasolswerepreparedin Pyrexshottbottleswithin
openedcaps.Thesesolswerestoredatrefrigerator.
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223 ml TEOS, 60mlwater,59ml nitric acid and 154mlethanolwere mixedfor
preparationof SiE (SiH3)sol.
Table6.3.Mol ratiosof TEOS, Water,Nitricacid,andEthanolforSilica sols.
Kod TEOSWaterHN03thanol
SiA
1 30.0853.8
B
4
C
I 5
D
6
E
.4
F
7
GH
9
iJ
10.
L
5
I
1
2
5
3
1
4
1
6.3UnsupportedCeramicMembranesPreparation
Unsupportedmembraneswerepreparedfor characterizationexperiments.All silica
andaluminasolshavebeendriedin 88cmpetridishes.
Aluminasolshavebeentaken10ml thendriedunder25 ec, 1daycalcinedat600
°e,3hours,4 eC/minheatingandcoolingrate.Silica solshavebeentaken5 ml thendried
under25ec 1day.Thencalcinedat400ec, 3 hours,4 eC/minheatingandcoolingrate.
HeattreatmentweredoneCarboliteRH 1600programmablefurnace.
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6.4AluminaSupportPreparation
, . AluminasupportdiscswerepreparedfromSumitomaAKP-53 powder.These100
gramsof powderwasmixedwithPVA solutionwhich is 3 gramsPVA and50 ml water,
thendrieduntil 3% relativehumidity.Then 10gr powderwastakenandmadea pelletat
drypress.Afterpelletpreparation,pelletwasheattreatedat I 100°e, for 3 hours.
6.5MembranePreparation
Themembraneswerepreparedthelayeredstructureof theAlz03 andSiOz.Alumina
thmmembranelayerwaspreparedbythreedippingproceduresonuAh03 supportbyusing
AlHI (AII) aluminasol. The standarddippingtimefor I dip was 4 seconds.After the
dippingprocessmembraneswerecalcinedfor 3 hoursat600°e (heatingandcoolingrates
of4°C/min.
The silica active layer on two-aluminalayer was preparedby two dipping
procedures.In first dipping,silicaSiE (SiH3) sols werediluted10times.Seconddipping
wereperformedby a sol which is 180timesdiluteSiE sols.This dippingprocedureis to
repairpossiblepinholesand/orcracks.4 secondsalsothestandarddippingtimefor SiOz
layer,too.Afterdipping,thissilicalayeredu-y-aluminamembraneswereheattreated.
3hoursat4000e (heatingandcoolingratesof 4 °e/min).
6.6Characterization
The pore size distributionand pore area characterizationswere performedin
Volumetricadsorption-desorptionanalyzer(Micromeritics - ASAP 2010). Selected
samplesfromaluminaandsilicaunsupportedmembraneswerecharacterizedby Nitrogen
andArgon adsorption-desorptionexperiments.About 0.1gr alumina unsupported
membranesamplesweredegassedI hourat90 °e and4 hoursat350°C thenanalyzedat
Volumetricadsorption-desorptiona alyzer.About O. I -gramsilicaunsupportedmembrane
samplesweredegassedI hour at 900e and I day at 350 °e then analyzed.Relative
pressure,adsorptivegas(Nz, Ar,..), doseamountwerespecifiedbeforestartingtheanalysis.
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PoresizecalculationwereperformedaccordingtocylindricalgeometryBJH method
forAluminaunsupportedmembranes.And poresizecalculationswereperformedHorward-
Kawazoesphericalgeometrymodelfor silicasamples.
The TGA curveswerearchivedby ThermalgravimetricAnalyzer (TGA-S 1/5IH,
ShimadzuCo.) ThecarriergaswasNitrogenataflowrateof 15mllminandtheheatingrate
is 10C/min. TheFTIR SpectrumwasachievedbyFourierTransformInfraredSpectroscopy
(FTIR-1600,ShimadzuCo.). The sampleswerepreparedby pressingthesamples,which
weregroundwithdriedcrystallineKEr.
Silica samplewas immediatelyplacedin a sealedAFM cell. The AFM (Digital
Instrument,NanoscopeII) in therepulsiveforcerange,witha tip loadof ca.SnN.TypeNP
cantilevers(Digital Instruments)were employed,which have Si3N4 tips and a force
constantequalto 0.38kN/m. The recordedimagesarepresentedwith or withoutfiltering,
whichemployedtwo-dimensionalfastFouriertransform(FFT) andis notedin thecaptions.
AFM picturesweretakenby Digital InstrimentsNanoscopeII providedby Engineering
Facultyof YamanashiUniversity,Japan.
79
CHAPTER 7
RESULTS AND DISCUSSION
The preparationof inorganic membranesby usmg sol-gel techniqueswas
investigatedin this work.The effectsof water/alkoxideratios,acid/alkoxideratioson the
propertiesof theunsupportedmembraneswereexamined.
The naturesof thealuminasols aresummarizedin Table7.1.The sol with lowest
HN03 content(AIHO) remainedunpeptizedwith a densecakeformationat thebottomof
thebottle.The formationof a stablesol wasnotpossibleundertheseconditions.The sol
withthehighestH+/At3, Al5 andAl6 remainedblurry.
Table7.1.Thenatureof theAluminaSols.
Kod H+/AI3+H2O/AlkoxideAppearance
AIHO
0.1 200Un pt z d
I 1
2 Clearsol
2
3
A H3
4 cl rsol
4
5
S
6 Blurry
ll
.
2
18 l
I3
6
4
4
5
2 l
6
0 2
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The peptizationof theprecipitatedAluminacakeinvolvesthestabilizationof sol
particlesby loadingthesurfacesof theparticleswithH+ions.Apparentlyin thesesolssome
biggerparticles remainedand stabilized as agglomeratesof crystallites.The high
....temperatureagingprocessmayinvolvedissolution-reprecipitationprocessesalongwiththe
formationof boehmite.A smallfractionof theseagglomeratesmayretaintheir structure
andcausetheformationof slightlyblurrysols.
All the alumina sols were stablefor about two years when stored at room
temperature.The silicasolswereall clear.Theygeledatroomtemperatureduringsummer
time.Theywerepreparedagainandstoredin a refrigerator.Thesesols alsogelled(about
10-17wt% Si02) content)unlessdilutedsignificantlywithethanol.
Samplesof thesesolswerefurtherplacedin polymericpetri-dishesandairdriedfor
oneday.Theseair-driedunsupportedmembranesweretheinformof coherenthinfilmsfor
thealuminasols but small thin piecesof glassin theair-driedsilica membranes.These
unsupportedmembraneswerefurtherheattreatedat400°C (silica)and600°C (alumina)
for3hours.
Table.7.2.Thenatureof SilicaSols.
Kod TEOSWaterHN03EthanolAppearance
SiA
1 30.0858Cle rSol
B
4
C
5
D
6
E
4
F
7
G
8
H
9
iJ
10
L
5.
I
1
2
5
3S 4
1 1
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The size and morphologyof the boehmiteparticlesin the aluminasols primarily
depe!1don thepH of thesesols.The presencesof fibrillar, plattey,granularandspherical
particlesof varioussizesin thepH 3-5 rangewerereportedpreviously(32,45).Fibrillar
particleswith aspectratios(L, D) as high 50 werereportedat a pH of 4.88 (32).The
presenceof relativelylargeplatesalongwith plotsof about25 nm sizewerereportedin
anotherwork(45).
Sphericalparticlesof about10nmwerereportedata-pHof 4.24(32).Thehydrolysis
ofAt3 ionsin solutionis rathercomplexandaseriesof speciescanformdependingonpH.
Thepresenceof theso-called13,32speciesAII304 ((OHh4t7 wasreportedearlier.This
specieswasalsoreportedtobethedominantspeciesin theapproximatepH rangeof 3.5-4.5
(82).Thepresenceof sucha speciesis probablein theprecipitationof thesol particlesof
thiswork.The relativeratioof thisparticularspeciesto theotherpolynuclearspeciesis
certainlyafunctionof thesolpreparation-dissolution-precipitationmedia.
Theresultsof thethermalanalysisof someof theunsupportedaluminamembranes
aregivenin Figures7.1-7.6The followingphasechangeswerereportedto happenwhen
Boehmiteis heatedto 1150-1200°C (74).
900°C
Almostall theweightlossoccurredattemperatureslowerthan500-525°C andthe
weightstabilizedat a constantvalueup to 10000c. This behaviouris commonin all
aluminasamplesandwasthemainreasonfor theselectionof 600°C as thecalcination
temperatureof theunsupportedmembranes.Thesemembranesaremainlyy-Ah03 afterthis
heattreatment.
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The amountof y-AIz03formedwasdeterminedin the62-43% for AIH 1-AIH4 and
60-62% of the initial air-driedunsupportedmembraneweight.Their presencesof four
differentweight loss stagesareespeciallyapparentin the AlH3 and AIH4 weightloss
, curves.
In thefirststages(RT--7 - 80°C)physicalwaterandalcoholpresentin theporesof
themembraneis leavingthe material.The weightpercentloss this stageis relatively
constantin all aluminamembranesandaccountsto about8-10%weightloss.The second
stage(80 to about270-°C) maybe dueto theremovalof chemicallyadsorbed- bound
water-organicsform the surfaceor interiorof the aluminamembraneand accountsto
approximately10-12% weightloss.The removalof the presentNO-3 groupsfrom the
membranewasthoughtto occurin theapproximaterangeof 340-3800e. The amountof
thisweightlossis maximumfor sampleAlH4 is evidentfromthestageof thecurvegiven
in Figure7.32.The final stagewhereboehmitetransformsto y-AIz03 (380-500°C) the
weightlossis about7-11%.
The TGA curvesof silicaunsupportedsamplesarepresentedin Figures7.7-7.10.
The1000°Cweightpercentagesof thesamplesarein the76-82%range.In thefirststageof
weightloss in all samplesup to 120°C,physicalwater is being removedfrom the
membranes.The weight loss in this stagewas in the 12-18% range.The weight lo.ss
percentagesof SiE, SiA and SiL were 13%, 16% and 18% respectively.This shows
agreementwith thesinglepointporevolumesof thesethreesamples;0.1717cc/g,0.2cc7g
and0.253cc/gtemperaturerangeatabout120-250°e.In the final stageof weightloss a
gradualweightloss wasobservedup to about1000°e.This accountsto about4-6% total
weightloss and was attributedto theremovalof adsorbed-chemicallyboundwaterand
residualorganics.
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TheFf IR spectraof uncalcinedandcalcinedaluminaunsupportedmembranesaregiven
nFigures7.11-7.16.Infraredtransmissionspectrafor uncalcinedaluminasamplesindicate
isopropylalcohol (OH) and NH/ peakswhich are coincideat 1380cm,l. This peak
disappearedin the calcinedaluminasamples.All definedpeaksat1070,740,600,475cm,l
werefoundin spectrafor uncalcinedsamples.Thesepeakswerereportedtobedueto the
AI-Oh (boehmite)bendingvibration(77).For calcinedsampletheregionbetween1000-
400cm,lcanbedefinedasAI-O bending.
Thespectraof all aluminasamplesindicatethepresenceof waterat 1650cm,landbroad
peakat 3500em'!for bothcalcinedanduncalcinedsamples.Sampleswerenotkeptin a
desiccatorto preventmoistureadsorptionso this is the resultof waterpeaksat Ff IR
spectra(77).Thepeaksat2325cm,lwerereportedasCO2 peaks(75).
TheFf IR spectraof uncalcinedandcalcinedsilicaunsupportedmembranesaregivenin
Figures7.17-7.20.The bandat 3450em'! is attributedto thestretchinganddeformation
modesof hydroxylgroupsandmolecularwater(75).And alsothereis anotherwaterpeakat
1650cm'! for both calcinedanduncalcinedsamples(75,77).The peakat 1050cm,l is
attributedto transverseSi-O-Si asymmetricstretchingmodes.The bend at 800 cm,l
correspondingto symmetricSi-O-Si stretches(75). Anotherwell-knownpeakfor silica
samplesat 460 cm,l is attributedto vibrationalmodesof tetrahedralSi04 (78,79).
Uncalcinedsilica unsupportedmembraneshow a bond at 1380em')associatedwith the
NH+3andalcohol,whichcoincideeachother.
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Figure7.18.FTIRspectrumfor uncalcinedandcalcined unsupportedmembranesSiE (SiH3).
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Figure7.19.FfIR spectrumfor uncalcinedandcalcined unsupportedmembranes
SiHI.
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Figure7.20.FfIR spectrumfor uncalcinedandcalcined unsupportedmembranes
SiH2.
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Adsorption- desorptionisothermsfor thealuminaunsupportedmembranesaregiven
in Figures 7.21 to 7.31. These isothermsare of Type IV isothermstypical of mesoporous
and macroporous materials.The hysteresis loops resemble to H2 type loops commonly
observedfor materials with interconnectedpore networks with different size and shapes
(83). The N2 adsorption- desorption isothermsfor SiA and SiL are given in Figures 7.32
and7.36.All thesilica isothermsareof Type Itypicalof microporesmaterials.
These isotherms were used for the preparationof the cumulative pore volume and
poresize distribution (dV/dD) versuspore diameterplots by using BJH desorptiondataand
arepresentedin Figures 7.37 to 7.46 for unsupportedalumina membranes.Similar pore
volumeand pore size distribution plots for anotherseriesof mesaporousTitania materials
arepresentedin Figures 7.47 to 7-50 for comparisonpurposes.The pore size distribution
plotsfor the microporous silica membranespreparedby using adsorption databy Horvath-
Kawazoemethod are presentedin Figures 7.52 to 7.56. The surface area, pore size, pore
volume,pore %, monolayervolume and volume adsorbeddatais further tabulatedin Table
7.3,7.4and7.5. Similar information is given in Table 7.6 and7.7 for the silica samples.
The total volume adsorbedvaries in therangeof 110-145cm3/gSTP for thealumina
membranes.The monolayervolume, Vm in the43-61.4 cm3/gSTP. The desorptioncurves
steeplygo down at aboutPIP0:::=0.5 and the adsorption- desorptioncurves coincide at and
belowPlPo:::=0.4. Exceptions to this trendwere in the isothermsof AIH2 and AIH3 where
PlPo values for desorption startedat 0.55 and 0.6 respectively.The desorption pore size
distributionof AIH3 (Figure 7.39) representa wider pore size distribution and a large
fractionof pores about45 A. The BET surfaceareaof the AIH3 samplewas determinedto
bethe lowest in the AIH seriesas shown in Figure 7.57. The BET surface areaof the Al
seriesgave a maximum at a water/alkoxide ratio of 140 as shown in Figure 7.58. These
differencesin surface areasand pore size distributionsmay be attributedto the differences
in the particle size- oligomeric species concentrationsand sizes. The pH and solution
chemistryof the sol of AIH3 may favour the formation of a higher percentagepolymeric
speciesin solution.
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Figure7.21.NitrogenadsorptionanddesorptionisothermforAIH I.
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Figure7.22.NitrogenadsorptionanddesorptionisothermforAIH2.
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Figure72.3.NitrogenadsorptionanddesorptionisothermforAIH3.
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Figure7.24.NitrogenadsorptionanddesorptionisothermforAIH4.
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Figure7.25.Nitrogen adsorptionanddesorptionisothermfor AIH5.
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Figure7.25.NitrogenadsorptionanddesorptionisothermforAIH5.
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Figure7.26.NitrogenadsorptionanddesorptionisothermforAll.
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Figure7.27.NitrogenadsorptionanddesorptionisothermforA12.
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Figure7.28.Nitrogenadsorptionanddesorptionisothermfor A13.
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Figure7.29.Nitrogenadsorptionanddesorptionisothermfor A14.
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Figure7.30.Nitrogenadsorptionanddesorptionisothermfor AIS.
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Figure7.31.Nitrogenadsorptionanddesorptionisothermfor A16.
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Figure7.32.Nitrogenadsorptionanddesorptionisothermfor SiA
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Figure7.33.Nitrogenadsorptionanddesorptionisothermfor SiLo
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Figure7.34.Nitrogenadsorptionanddesorptionisothermfor SiE.
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Figure7.35.Argonadsorptionanddesorptionisothermfor SiA.
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Figure7.36.Argonadsorptionanddesorptionisothennfor SiLo
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Table7.3.SurfaceAreasandPoreDiametersof AluminaUnsupportedMembranes
KOD SinglePointBETLangmiurAveragePorere
SurfaceArea
Su faceAreafPo DiameterDiameterbyDiameterby
BJH
BJH
atP/Po
??
byBETAdsorptioneso ption(m-/g) (m-/g)
(m2/g) . AIH1
209.0484217.893730 07697.8 936 222 2 11
AIH2
4 6 2.58 50 18 85207103 0
3
17 8791 6 5267 71149 621 5
l 4
7 45 5 81. 4 09
5
56 3 6 3 65
l12
5 3 9 464
3
8
4
3 1 4 920
5
1 .17 7 34
6
8 9 8 3 3
A similartrendcanbe observedin theTitaniagel poresizedistributions.As the
solidscontentof thesolsincreasesfromTC 1toTC8 theporesizealsoincreases.This can
beclearlyobservedfor theporesizedistributionof theTC8 sol (Figure7.51).As thesolids
contentincreasesin theTitaniasol thesizeof thepolymericspeciesmostlikely increases
formingbiggerparticlesuponcalcination.Theadsorptionisothermfor AIH3 stabilizedata
higherPlPo level (:::::0.9),which also effectsthe adsorptionpore,pore size distribution
givingacertainamountof poresabove100A in theBJH adsorptionporesizedistribution.
TheBJH desorptionporediameterin the lowestfor AIH5 as givenin Table 7.3.The
adsorptionporesize wasthe lowestagainfor AIH5 andthehighestfor AIH3. The pure
contentsof thealuminamembranesvariedin the35-44% of totalvolumeascalculatedby
usingsinglepointcumulativeporevolume.For a majorityof themembranesthecalcined
aluminasampleswereabout60%dense.
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Table7.4.PoreContentsandDensitiesof AluminaUnsupportedMembares
py
SinglePointBJH Ads.BJH Des.TotalSolidPore
(g/cm3)
CumulativePorePorePorS lid%%
Volume(cm3/g)
VolumeV umContent
AlH1
3.20.205925 0.1967920.22 12718460.39.7
AlH2
41696 204 283954256 343 6
3
1 6 894834 74 05 0
4
1 778 6470 36290
5
8 5 87081
lI2
.O.t9 0.156968827 93
3
8 1 093 46 57
4
63 315
5
9 27946
6
30 1506
Table7.5.BET SurfaceArea,MonolayerandTotal Volumeof NitrogenAdsorptionfor
AluminaSamples
Samples
ET SurfaceAreaMonolayerVolumeV lumeAdsorbed/:i,V=V -Vm
(m2/g)
Vm (cm3/g STP)Va (cm3/gSTP)
AlHl/ All
2 .893749. 5081
AlH2
2584616 51 7. 356
4
0 17
5
33 4 04
I2
6
3
3
4
9 8
5
3 3 0
6
9 7
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Figure7.37.BJH cumulativeporevolume(a)and poresizedistribution(b)plotsforAlHlIAll.
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Figure7.38BJH cumulativeporevolume(a)andporesizedistribution(b)plotsforAIH2.
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Figure7.39.BJHcumulativeporevolume(a)andporesizedistribution(b)plotsfor AIH3.
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Figure7.40.BJHcumulativeporevolume(a)andporesizedistribution(b)plotsforAIH4.
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Figure7.41.BJHcumulativeporevolume(a)andporesizedistribution(b)plotsforAIH5.
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Figure7.42.BJHcumulativeporevolume(a)andporesizedistribution(b)plotsforA12.
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Figure7.43.BJHcumulativeporevolume(a)andporesizedistribution(b)plotsforAI3.
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Figure7.44.BJHcumulativeporevolume(a)andporesizedistribution(b)plotsfor A14.
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Figure7.45.BJHcumulativeporevolume(a)andporesizedistribution(b)plotsforA15.
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Figure7.46.BJHcumulativeporevolume(a)andporesizedistribution(b)plotsfor A16.
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Figure7.47.BJH cumulativeporevolume(a)andporesizedistribution(b)plotsforTel.
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Figure7.48.BIH cumulativeporevolume(a)andporesizedistribution(b)plotsforTe2.
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Figure7.49.BJH cumulativeporevolume(a)andporesizedistribution(b)plotsforTC5.
121
10080604020
o ,
o
0.12
(a)-
0.1
Cl -..,ECJ-; 0.08E::l"0> 0.06Q) •..0c.Q)> 0.04:;:: nlEu 0.02
Pore Diameter (AO)
0.01
(b
0.009
0.008
0.007
<"
C, 0.006
~
~ 0.005c
~ 0.004"
0.003
0.002
0.001
o
o 20 40 60 80 100
Pore Diameter(Ao)
Figure7.50.BJH cumulativeporevolume(a)andporesizedistribution(b)plotsforTC6.
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Figure7'.51.BJH cumulativeporevolume(a}andporesizedistribution(b)plotsforTC8.
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Figure7.52.Horvath-KawazoeplotfromnitrogenadsorptionforSiA.
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Figure7.53.Horvath-KawazoeplotfromnitrogenadsorptionforSiLo
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(Water:6.)andincreases
sampleswere4.17,4.6al
(Table7.6).
SiL samplehaslowestden
7.7).The singlepointcum
microporevolumeof all salT
samplewasabout0.1cc/g.1..~1I1creasei~theLangmiursurfaceareacanbeduetothefact
thatvery fine poresin the othertwo sampleswerenot polymericspeciesin the acid-
catalyzedsol with theSiL compositionmaybe biggergivingrise to a high singlepoint
cumulativeporevolume.
Table7.6.SurfaceAreas,MicroporeVolumeandPoreDiameterforSilica Unsupported
Membranes
SinglePointBETLangmiurMicroporeMedianPore
SurfaceAreaat
SurfaceAreaSurfaceAreaVol meDiameter
PlPo (m2/g)
(m2/g)
.,
(m-/g) (HK) AO
SiE
413.1823404.6381476.73460.1 46124.60
SiA
45 396 32 00355 0 816 09417
L
551 105 3 1167 97546
-A
3 73308 56 22
-
9 63 9 0 5 62777 01
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Table7.7.PoreContentsandDensitiesof SilicaUnsupportedMembares
Pr
SinglePointMicroporeTotalSolidP re
(g/cm3)
CumulativeVolumeSolid%%
PoreVolume
Content
(cm3/g)SiA
2.20. 000140.1640940.65 647 49.59-
SiE
1717 4 6122622 587 42
SiL
12.2
0.252 85 552073864 235 5
A-A
9 1 0837 5055 94 3 379 0.6249033
Theporesizesof thesesilicamembranesweredeterminedbyHorvath-Kawazoe(HK)
techniquesanddifferentporemodelsusingtheASAP 2010softwarein theP/Po rangeof 0-
0.1.Thesearefurthertabulatedin Table7.8.The poresizesdeterminedby all methodsfor
all samplesfall in the4-10A0 range.The Argon adsorptionporesizesaregenerallyhigher
whereasNitrogen-adsorptionporesizesfall in the4.1-5.7A0 rangeexceptthecylinder
(SaitolFoley)poregeometry.He reasonsbehindthedifferencesin theseporesizesarestill
underinvestigation.Themainresulttoemphasizewouldbethepresenceof 4-5 A0 poresin
thesemembraneswhich aregoodcandidatesof molecularsieves.These poresIzesmay
alsobesizerangebythecarefuldesignof thepreparationconditions.
Table7.8. Horvath-KowazoetechniquesatDifferentPoreModels
Sample HK slitHK cylindersphereHK spher
(SaitolFoley)
(Chang-Yang)
SiA
5.08.7 4.24 1
SiE
7 8 55 0
L
39 65
A-A
7 6 7 72
-
8 4 9
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Table7.9.ParticleSizesforAlumina,TitaniaandSilicaUnsupportedMembranes
Sample SurfaceArear (nm)D (Ao)
.,
(m-/g)
AIHI
217.89374.302686
AIH2
56 5823 653873
3
18 .16 55. 09100
AIH4
6088392
5
6 33165 690
ll2
1 044 49
13
56 37
4
48 42977 7
5
23 77 318 54
6
94 95489
TCI
, 1 98 91 8
TC
. 27. 9909 01
6
51913622
8
02 5
SiA
57.3
SiE
4 .1 9 5
L
10
A-A·
9 024 55
( In Table 7.9 BET Surfaceareawereusedfor Alumina andTitania sample,Langmiur
SurfaceAreawereusedfor Silicasamples)
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The BET surfaceareasof porousmaterialsis commonlyusedfor a simpleestimation
of themedianparticlesize.The surfaceareais simplyequatedto 3/(p.r)wherer is the
radiusof themonosizesphericalparticlesformingtheporousmaterialandp is thedensity
of the material.The particle sizes of the unsupportedaluminaand silica samples
investigatedin thisworkalongwithtitaniasamplescharacterizedin anearlierwork (84)is
tabulatedin Table7.9.The particlesizesof thealuminasamplesvaryin the70-100AO(7-
10nm)range.The titaniaparticlesweredeterminedto be significantlybigger(morethan -
twotimes)withsizesin the178-227A°(l8-23 nm).Thesesizeswerein agreementwiththe
previouslyreportedparticlesizes.Thesilicaparticlesizesvariedin between26-43AO(2.6-
4.3nm)byusingtheLangmiursurfaceareas.
In isothermsexhi~!tinghysteresis(as wasobservedin all themesoporousalumina
andtitaniamembranesof thiswork),theadsorptionbranchis thoughto becontrolledby
thecavitiesor poresin the materialwhereasthe desorptionbranchis controlledby the
throatsizes(sizesof theentrancestothecavitiesaorpores).Thehysteresisresultsfromthe
differencesin thesizesof thethroatsandthecavities.Howevertheadsorption-desorption
isothermsof thesilicamembranesdidn'tshowhysteresis.
The useof BJH desorptionisothermfor thedeterminationof theactuallyporesize
distributionsmaybe in error.Theseporesize distributionsmayactuallybe called as "
openingor throat"sizedistributionsin thesemesoporousmaterials.The BJH adsorption
isothermbasedporesize distributionsrepresentheactualcavity(pore)distributionsin
materialsformedby thepackingof sphericalor equiaxedparticles.The form of these
hysteresisloop may also presentinformationaboutthe interconnectetivityof the pore
network.It was furtherdiscussedthatdependingon thenatureof thisporenetworksome
poresmayevenbe left unfilledevenat PlPo =1givingriseto a lowertotalporevolume
fromtheN2 adsorptionisotherms(83).Theexistenceof thisphenomenamustbecheckedby
porevolume-densitydeterminationbyusingothermethods.
The overallpore volume,cavitysize andthroatsize of a materialformedby the
packingof monosize spheresdependon the size of the spheresand the co-ordination
number.These importantparametersweretabulatedin Table 7.10for monosizesphere
packing.
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Table7.10.Importantcharacteristicsof somemonosizespherepackings(85).
PackingType Co-ordinationPorosityRadius f sphereRadiusof sphere
number
%inscribedininscribedi
cavities
thr ats
Rhombohedral
1225.950.2247R0.1547R
(CubicHexagonal)
0.4l42R
Tetragonal
030 891O -
0.2649RBody-centered
81. 22
Cubical Orthorhombic
9 5475
- (Primitivehexagonal)
0.4142R647 6732R 41 2
The densestspherepackingin theoreticallyachivedwitha co-ordinationnumber12
andporecontentof about26% of thetotal'volume.Randompackingof spheresusually
resultin about40%porosityanda co-ordination umberclose to 8.Therearetetrahedral
andoctohedralcavitiesin thedensestpackedstructures.Thesearethroatswith sizesin the
0.1547to0.4142of thespheresize(D) in spherepackingwithco-ordination(CN) number
inthe8-12range.Thesizesof thecavitiesin thesamerangeis 0.2247-0.5275D.
The particlesin the aluminamembraneshad sizes in the 70-100A° rangewith
porositiescloseto about40% (35-44% of total volume).The sizesof the throatswith
CN=8fromtheTable 7.10for thisparticlerangeshouldbe in the29-41A° rangefor big
openingsand11-15A°for smallopenings.
TheBJH desorptionporesizerangefor thesesamplesweredeterminedasabout 30-
33 AO (Table 7.3). This falls in the 29-41 AO theoreticalthroat size range. The
correspondingtheoreticalcavitysize rangeis 37-53AO.The determinedBJH adsorption
poresizerangewas32-40AO.Theagreementin thetheoretical-experimentallydetermined
throatsize rangesseemsto be reasonablygood.The cavity(pore)size agreementlooks
worse.Similar correlationsbetween the theoreticalthroat-poresizes (assumingBET
particlesizesasmonosizespheresizes)andtheexperimentallydeterminedthroatporesize
rangesrepresentedreasonableagreement.
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Silica unsupportedmembranesample(SiE) afterheattreatmentwasexaminedbyatomic
forcemicroscopy(AFM). Silica samplewas aboutImm thick andhad a relativelyhard
glassysurface.AFM characterizationsof theunsupportedaluminamembranesampleswere
notpossiblebecauseof thefragilenatureof therelativelysoftthinmembranefilms.
Three dimensionalAFM imagesof SiE unsupportedmembranesurfaceareshownin
Figures7.59to 7.62.It is relativelyeasyto seesmoothsurfaceof thesampleat a highz
range(z=4nm).The imagegivenin Figure7.62hasa similarsurfacestructurewhichwas
takenfivehoursaftertheFigure7.59,60,61images.
Figure7.59.Atomicforcemicroscopy(AFM) imagefor SiE sampleatz=4nm.
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Figure7.60.AtomicForcemicroscopy(AFM) imagefor SiE sampleatz=4nm.
It wasnotpossibleto obtainporesizeinformationfromtheseimages.Theseimages
especiallyimagesin Figure7.61and7.62,cangivea valuableinformationaboutthescale
ofthesurfaceroughness.
As canbeseenclearlyin Figure7.61,thetoplayershowsa surfaceroughnesswitha
maximaof around2.5-5AO.Five hoursaftertheimagesin Figure7.61anotheran image
(Figure7.62)wasobtainedwhichhasasimilaruniformroughnessin the2.5- 5AOrange.
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Figure7.61.Atamicforcemicroscopy(AFM) imagesfor SiE sampleatz=2.5nm.
Figure7.62.Atomicforcemicroscopy(AFM) imagesfor SiE sampleatz=1.3nm.
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CONCLUSIONS AND RECOMMENDATIONS
The resultsof thisworkhaveshownthatit is possibleto preparemembraneswith
relativelysharp-fineporesizedistributionby usingsol-geltechniques.The preparationand
furtherprocessingstepshavesignificanteffectsontheporestructureof thesemembranes.
Unsupportedy- Alumina membranespreparedfrom boehmitesols all displayed
Type IV Nitrogenadsorption-desorptionisothermstypicalof mesoporousmaterials.The
adsorptionporesizesof thesemembraneswerein the30-33A°range.The desorptionpore
sizedistributionswereuniformwithalmostnoporesbiggerthan40-45Ao. An exceptionto
thiswasthebehaviourof theAIH2-AIH3 sampleswhereH+/Al+3ratioswere0.3to0.4.The
BET surfaceareaof the AlH3 samplewas the lowestat 187m2/g and had a wider
desorptionporesizedistribution.Theadsorptionporesizesweregenerallybiggerandhada
widerdistribution.The BET particlesizesof thesesamplesweredeterminedto be in the
70-100A°range.
The TGA anlaysishaveshownthatthereareprimarilyfour stagesin theweight
losscurvesof theunsupportedAh03 membranes.Theseswereconcludedto be dueto the
removalof waterfrom thepores,theremovalof adsorbed-chemicallyboundwater,the
N03 removalandthedecompositionof theboehmiteto y- Al203 at about 425°C. The
TGA analysisof the silica unsupportedmembraneshave shown a two-stagethermal
behaviour,theremovalof physicalwaterfromtheporesandadsorbed-chemicallybound
water.
All the silica samplesdisplayedType I isothermscharacteristicof microporous
materials.The Nitrogenadsorptionisothermbasedon Horvath-Kawazoe,poresizeswere
determinedto be in the4.1-5 A° range.The poresizeshoweda dependenceon thewater
contentof theoriginallyclearsilica sols.Thereasonsfor thedifferencesin theporesizes
shouldbefurtherinvestigated.The AFM imagesof oneof thesemembranesdid showthe
presenceof surfaceroughnessin the2.5-5A°range.
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The comparisonof adsorptionanddesorptionporesizeswith throat-cavitysizesof
the theoreticalmonosizespherepackingswith differentcoordinationnumbers(different
porecontent)haveshownreasonableagreements.Theseaggreementssupportthefactthat
nearlysphericalparticlesdo existin thesemembranes.SEM analysisof theparticlesize
and morphologywould representfurthersupportto thecomparisonof thesetherotical-
experimentalporesizes.
Argon adsorption-desorptipnisotherms on the mesoporous alumina-titania
membranesand the SiR serieswould yield valuableinformationon the effect of sol
preparationon the membranepore structure.Independentpore volume determination
techniqueslike waterdisplacement,adsorptionor mercuryporosimetrycan givevaluable
informationontheporeinterconnectivity- networkinthesemesoporousmaterials.
The final recommendationof this work would be the use of thesemembrane
materialsin gas permeation.This also can give informationon the pore structureof
chemicallyidenticalmaterials.
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